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The foreground photograph shows the submersible Johnson Sea-Link 1
preparing for one of its many dives to study chemosynthetic ecosystems.
The map depicts the locations of known chemosynthetic ecosystems in the
northern Gulf of Mexico.
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Geology of a Continental Slope Oil Seep,
Northern Gulf of Mexico
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Geology of a Continental Slope Oil Seep, Northern
Gulf of Mexico’

E. WILLL%M BEHRENS’

AR51TtACf

Atr oil and gas =p was dcuttmentcd by replicate sam-
pling with piston corer, ● btsndmtt Jsigb-resoltstiott  and
sparse multichannel seismic reflection profiling, and
chemical and  isotopic aoalyses.  The seep occurs  OU the
upper continental slope o~er s salt ridge interpreted to
spiit and piunge eastward, tsorthesstward,  and rsorth-
ward. The relatively SIMOW dlapir over wbicb the w!cp-
age occurs is tttanif@ed at the surface by a graben in
strike section and bys half-grabers in dip section. Fault-
ing over the cret is commonly associated with 10SS of
reflected ● nergy or acoustic wipeouts. Most co= taken
in wipeouts with prolonged bottom echoes tmtttain  oil
and gas. The cores also commonly contain sccondan
carbonate derived front ttdcrobksl degradation of hydro-
carbons. Tbe isotopic Iigbtness  of the carbonate and its
negative correlation with porosity may be subtle itsdica-
tom of seepage at sites wberc oif and gas arc not obvious.
The seepage dcmottstmtes  the cxistemx of some rocks
and maturation at this site.

Of the four rcquircntcnts  for a hydrocarbon deposit
(source organics, maturation, porosity, and entrap-
ment ), satisfaction of the fwst two is dirccdy proven by
observing hydrocarbons that have migrated to the
surface-an oil seep. A seep is pmicularly significant in
a frontier province of petroleum exploration. This paper
reports on the geology of an oil seep located on the upper
continental slope in the Omen  Canyon sector of the
northern Gulf of Mexico (F@.trc 1). This is the first off-
shore oil seep in the northern Gulf of Mexico to be docu-
mented by a detailed geophysical sutwey, replicate
sampling, and chemical and isotopic andyscs of the
hydrocarbons.

Direct cvidcnm of ofl migration is the occurrence of up
to 8 ‘To extractable hydrocarbons in sediments cored at

@aQ’y?qn  lsas. m&nuim~ & Pam19um Gabgna. AJl
I-qnL5 f-woe

lhwuscnp  r~, May& 1SSS;  ~ed. ~ 14, 19S7.
%trttia  fw G~is. Umvwdty  oil- W AusIin.  ml MOPAC.  ks-

tm. Taus 7S759.8345
Funds for uxs  wsurch w.- ~ by GCRY,  Gut?,  kbd. PM@. StNU,

and Twneco  oil conwM-.  Iounk R. Khdwwm P, I_ Parka, m R s. .sa-
lm!wrm*qpmal~OftheauOy  lthankmy~ams  WIL
timB.~,JMwA.M&~ti~L*ti-@~  ~Ma
GrwrT  Iw mew two wmn me pmWL I Uunk  Rchard  T BufW  kpn O FIIII.
Iii me M“Im  WvadOf  for cc-buati  mnwmpt  mwews  umwwy  Of
Texas lnsfnute  b Geoohys.c5 COrrmbJUI  NO 627

~his locality. Of 16 piston cores taken in the area, at km
nine contained liquid crude oil macroscopicdly  visible
either to the unaided eye or u bright fluorescence under
ultraviolet light. The structural features of the mntinen-
t.al S1OPC off western lauisiana  and Texas result primar-
ily from sah tectonics. with diapinc  structures underlying
approximately one-half of the region (Martin, 1980).

Location

The i ,500 kmz (440 nmiz) area studied lies between Iati-
tudes 27 “35 ‘ and 28 WO ‘N and longitudes 91 V5’ and
91’725 ‘W and includes water depths from about 200 to
1,000 m (66G3,280  ft) on the upper continental slope
~igurc  1). The  stub’ am is West of the Mississippi fan
and in the central S1OPC (HoUand, 1970), a province char-
acterized by such an abundance of diapirs that sedimen-
tm strata  oawr  essentially as isolated or semi-isolated
intrdopc troughs or basins (Mmin  and Bottma, 1978).
The oil-bearing cores were from a more restricted (70
km2; 20 nrniz)  ar= within latitudes 27 “43’ to 27’45 ‘N
and longitudes 91012’ to 91 ~2 ‘W in water depths from
about 540 to 630 m (1 ,770-2,070 ft; Figures 1, 2).

The ar= was crossed first (March, 1981) while collect-
ing multichannel data for a regional intraslope basin
study, which included piston coring. A cmc containing
oil was taken during July 1982. After this discovcv, a
rectilinear grid of 36 north-south and 26 east-west lines
was surveyed (Figure 3). High resolution (3.5 kHz)
venical  reflection profdcs  were collected continuously on
all cruises: 1,355 km (730 nrn.i) within the grid; 1,620 km
(875 nrni) total.  All navigation was done with LORAN-
C.

The 3.5 kf-iz reflections were from as deep as 100 m
(330 ft) and thus enabled mapping of not only bathyrnc-
try but also features such as fauits, gas wipeouts, and
extent of strata (Figure 2). The-se features were used to
interpre~ deeper structures, especially diapirs, which
could be verified at a few points with the multichannel
data.  Subbonom  depth estimates are baaed on velocity
analyses of multichannel data nearest the site discussed.

The target for the core in which oil was initially discov-
ered was a fault esarpment.  Thus, the 15 subsequent
cores were aimed at faulted zones and 3.5 kHz reflection
pa[tcrns commonly associated with faults. Cores were

105



106 Continental Slope Oil Seep

SC

45

4C

)

Ftgure  l-bcatioa and index maps. Bathymetric zones [-IV

(sep~ted  b dashed lines) are discussed in tie text. L.OCAOSSS
of torts with visible OU uc sbowa as sofid circks.

analyzed for bulk density, water content, and CaCO,
content at 20-cm (6-in.) intetwals where possible. Organic
carbon, stable carbon isotope, and Izydrck=arbon  and gas
analyses were done on a variety of samplca selected on the
basis of visible oil or od ffuorcsccncc.  Chemical analyses
have been repomd  by Anderson et al (1983) and Ader-
son (19S4).

OBSERV~ONS AND INTERPRETATIONS

Fmhs and 33 MIx Refktion  Chamctedstics

Normal faults are ● bundant. Recently active move-
ment is suggested by speaacular  scabottom  fault escarp-
ments of 70 m (230 ft) or more (Figures 4-6). Tko
fault-block types were mapped: single, normaJ fault-
blocks and crwal gmbcns.  Crestal  grabcns me defined
descriptively as fault pairs or sets with a central down-
thrown zone and located in a region that is structurally
elevated above adjamnt  areas or is upwarpcd from a
region of monoclinally  dipping beds. This structural style

t

[“\<

27

Fwure &Geologic  map. Type I wipcoats have wed or aormal
bottom ecbocs. Type II wipeouss  bs?e strong ● nd proloaged
bottom echoes. “G” Is ktion of deep wipeout shown la F%
ssm 10. Hatchrms  ad asmlf aqoara arc oa the dowatfsrowa
sides of fmsfts. Psttcms aad SYSSSbOl  mcaaiags arc iadiatcd by
lsbels on figure.

is, of course, typicaf of the zone of extension over a
diapir.

The most widespread reflection pattern in this and
many other pm of the northern Gulf of Mexico consists
of mukipIe,  parallel to subpsrallel,  draping reflections
through about 100 mscc of record, representing 75-100 m
(250-330 ft) or more of subbottom.  In (and beyond) the
study area, three stratigraptic  units commonly can be
identified within this section (Figure 7). Upper and lower
[(a) and (c) rcspcaively] mostly tramparent  units enclose
a thicker unit (b) with multiple (20-30) internal parallei
reflections. Unit (a) is generzdiy 5-15 m (1650 ft) thick;
(b) is 35-120 m (1 Ma ft), and (c) is 15-60 m (50-200 ft)
in thickness. Unit (a) thins to zero over part of the study
area (Figures 2, 7).

Sedimentation rates for upper slow  regions (10-60
cm/ 1,000 years; 4-24 in. /l ,000 years) suggests the
boundafy between units (a) and (b) represents the rime
when the dcpositionaf system changed from that charac-
teristic of low sea level glacial conditions to that charac-
teristic of the present high sea level hctnipclagic domain,
or about 15,0W-10,~  y-s B.P. Unit (c), by analogy,
may represent an earlier period of relativcfy  high sea
level.

Many subbottom reflections within these units weaken
or disappear completely. These lost reflections arc
termed wipeouts, of which two forms are recognized. In
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ITgure 3-Trsck tines ased to map batbysnetry ~ geology.
Hmvier dsshed tin=  with dinted numbers are parts of t.mCk5
illmted in other rim, witk cimied snmbers kI+I figure
numbers. fines in FigRms 4 d 9 owriap  atightfy M extents
indicated by parentheses ● t tk end of tbe fiit oppdte the fii
ore  number .  Indiscern ib ly  small  nnmbers  sre t ime
smIocstioEusudJ9 every 15 ado.

the more widespread type (f), the loss of subbcmom
reflections is acaurtpanisd  either by no change or by
weakening of the echo from the sediment-water interfact
(Rgures  5, 6). In the second type of wipeout (II), the sub-
bottom characteristics are the same as in type I, but the
bottom echo is strong and prolonged (l%gurcs 6, 7).

Lass of subhottom refldons mw$t represent either a
loss of reflectors or a loss of sound energy before it ass bs
reflsctcd. Loss of energy can rcsuh from scmering or
absorption (conversion to heat energy). The pr-acc  of
g= bubbles (even small quantities) in water and sediment
has been shown to affect very high attenuations by both
mcchtisms @iibcrman,  1957; Anderson, 1974), and
ccwrelations  of gaseous sediment with reflcuecl  energy
loss (w@Kouts)  have been reported (e.g., Addy and Wor-
Zcl, 1 979).

Prolonged bottom echoes have commonly ban correl-
ated to rough or coarse-gnaincd ssdirnent textures (e.g.,
Damuth, 1978; Addy et al, 1982). In type 11 wipeouts.,
loss of subbottom reflections may involve gas attenua-
tion, but also may result from high reflectivity and s=t-
tering at or just bslow the watsr bortom.

In the study area, w&outs  almost always oeur associ-
ated with faults and/or areas of high reIicf  or irregular
bathymet~.  Wipeouts, especially type H, were the reflec-
tion characteristic targeted for coring. These targets were
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Figure 4-Fresh eacarpmeats  of approximately 70 and 50 M
(230 msd 16S ft) SU~eSt  T= active WCtOSdSM.  3.5 MIz reflec-
tion profiie: seY Fqure  3 for location.

succsfully struck at 140f 16 sites, and 12 of 14 on-target
cores containsd gas.

Batbyme~ and Structunl  halysis

Bathwetrkally, the study area MJI be divided into
four east-trending zones, subpardlel  to depth contours
(F@re  1). The shallowest, nonhern zone (I) is clsaramer-
ized by broad fsaturcs and gentle slopes (1 9 acept for
two high-relief banks in the western part. The second and
third zones {11 and III) have intermediate (2.5 9 and high
(5 ~ S1OPCS, rcsevely. The southernmost zone (TV) is
characterized by alternating troughs and broad uplifts.

Zone f. —Zcme 1 is interpreted as an uppcrslopc  basin
bounded by picrccment  diapirs on the west and, down-
S1OPC,  by a salt ridge, wKIch  swings nofihwiatward
forming a partial lateral boundary to the east. A
common-depth-point (CDP) profde  (l?iie 9) shows the
UPS1OPC (but basinward)  dip reversal in the southcm  part
of zone I and shows at least three welldcvelopecf  seismic
sequenca in the upper 3 see (2.8 km or 9,2&l ft) of this
basin.  Bouma (1981) and Beard et al (1982) have inter-
preted such sequences as reflecting Pleistocene glacio-
eustatic  cycles. Beard et af (1982) recognized eight
Pleistocene seismic sequemxs  at another point on the
slope. Thus, the section seen here is probably Pleisto-
cene.

The western diapirs have bath~etridly obvious
relief of up to 200 m (651 ft). Pierccrnent is indicated by
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Fwure 5-TYpe  I wipeouts (SJ in 3S kHz =~OSS  Profil=-
Wipe3nt oecsis  in iitsly faiilted zone of immzmdiate slope
(Wtlsymetric zone III hstween  flatter section apdip (north) ● nd
steeper seetion do=ridip  (south). Cumsf  amw SISOWS sug-

“ gested fault  movemeot.  See Figure 3 for location.

I I

Figure &-Types  1 (g) and 11 (G) wipeouts in s 3S  kHz profsie
ncross the same fafores sbowa in F!gure  5. ASTOW  shows sug-
gested fault moternent.  See Figure 3 for location.

the pinching out of shallow stratigraphic  units (a)-(c)
against very prolonged bottom echoes, which sugges:
indurated sediments and/or a coarse lag of surface mate-
rial. The CDP profile (Figure 10) shows salt or caprock at
approximately 790 m (2,600 ft) subbouom  and, possibly,
a deep, gas wiwout adjacent to the diapir.

Eastward from these diapirs, the bathymetric contours
show first, a broad southward-plunging trough and sec-
ond, a rise across zone I (Figure 1). These contours may
represent, respectively, salt withdrawal and a deep, salt
pillow. A set of east-west faults (27 “47’ to 27’49 ‘N,
91 “13’ to 91 “17 ‘W)  appesrs to form a graben with smal[
fault displacements (0-10 m; O-33 ft) and with a minimum
of associated uplift; however, this feature may be a
trough between two slightly overlapping upiifts to the
west and cast. TIIe ~tern feature is a faulted, broad
upwarp from which unit (a) is absent (T@res 2, 7). The
erosional or nondepositional  hiatus includes the upper-
most one of about 20 reflections in unit (b), but all older
units are unaffected. Thus, uplift occurred nezr the end
of or after deposition of unit (b). The amount of uplift
estimated by measuring tht height of the crest above a
uniform average dope for adjacent parts of the line is 57
m (190 ft). Using an age range for the top of unit (b) that
represents a possible range of times when sedimentation
changed from low to high sea level conditions (9,500 to
19,00Q years B.P.), the rate of uplift ranges from 3 to 6
mm (O. 12 to 0.24 in.) per y-.

Zone 11.—1ss zone II, average slopes inerase  to 10-50,
but relief caused by faulting incrwes abruptly and is the
highest of the four zones. Wipeouts are also most wide-
spread, sometimes extending entirely across the zone
(e.g., 91”15 ‘to91”19’w Figure 2). East of91°15.5  ‘W,
this zone doubles in width by bifurcating, one ridge con-
tinuing more or less eastward and the other trending
northeastward.

West of this widening, faults are almost all down-
thrown downslope,  but notthcastward,  past the bifurca-
tion, the faults become more symmetric and form a
cream! graben (l%gure 8). The ridge bearing this graben
continues notlheastward,  becoming the upwarp without
unit (a), and therein, faulting simplifies into one fault
downr.brown nonhward  into the zone I basin. Faulting
does the same in the eastward extension from the fwst
bifurcation. At approximately 91 ‘12.5 ‘W, the nonh-
wstem  ridge may bifurcate again with the northward
extension being the broad ridge (salt pillow?) in zone 1.

Zone llL-In  Zone 111, the slope increases abruptly to
2 “-9°. The zone extends from 800-1,000 m (2,600-3,280
ft) water depth and has few faults. fine III is interpreted
as the downdope flank of a diapir ridge that forms the
central structure of the study area.

The simplest fonts  of this structure can be seen in the
region between longitudes 91016’ and 91 %!0 ‘W. There,
bathymetric zon= L II, sutd 111 can be considered as anal-
ogous to the flank-graben-flartk  sequence seen in Figure
8, but different in that the whole system is tilted down-
slope. The addition of regional dip to the diapiric uplift
maks the frank dopes UnSWUZteMIC-fktttCr  uPslOPe,
steeper downslope.  Within the crestal zone (11), the
downslo~  component of gravity enhances extension at
the upslope  side, but weakens or replaces extension with
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Figure  7—Higls resolution (3.5 kHz) profile showing stnstigrxpbic  utsiu (a, b, sod c) usoafly present. Utsit (s) is missing between
arrows. See Figure 3 for location.
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Figure 8—E,sM-wesl  (strike) 3.5 kHz profile showing gmben  faulting msd tyfw 11 (G) wipeouts in the ridge forming the aorfbesss.
wxrd expansion of ba;bymef~  zone 11. Extmordiszarily  high amplitude refkiosss (B) may represent secoadasy carbonate, gas, or
sulfides. Arrows show suggested fault movements. See Figure 3 for location.



110

7

?

7

Continental Slope Oil Seep

—.— ..— -—. - ---— - 0
+ nortnwest 01 234km

[ i 1 I
F

I

,1

so
n
z

20

0
w
m

3

4-

Flgure 9-Multi-chaacrgl (lZ-fold) proftie tltroaglI centrssl dia-
pir ridge (CDR) sho%rsg sequence of flatter  ~ope (F9 updip,
interroediale slope (1) over the diapir crest, ● td steepr stope (S)
dowtdip.  Cyclic sedimentary units (f, 11, and ~ consisting of
efteroating chaotic and strong subpamflel  refiectiotts are shown
in besin upslope  (noflbwst)  of diapir. Question marks indicste
other possible cycle or sequence boundaries. Fssdting Within
zone of intermediate dope is snore intense and cosnp}ex  tbsn
● lseAsere. Note deeper stnsctumi crests (snows) beneath tbii
zone seem to be ftiher upslope. See Figure 3 for Iocetion.

compression at the downslope side; and the graben  in
strike-section becomes a ha.lf-grabcn  in dipscction  (Rg-
ures 6, 9).

Although the multichannel line (F@re 9) shows that
uplift is ceniered  undtr the faulted zone II, the profile
show no reflection strong enough to be interpreted as
sa.h or caprock. However, the presenrx  of salt is indicated
by a downward increase in interstitial water salinity to
>200  o/00 (six times that of nomml seawater) in a core
taken within the zone (Figure 11).

Zone fV—ZOne  IV, from west to cast, consisu of pan
of a trough, a rise, another trough, and pan of another
rise. These sm.tcturcs  are interpreted m alternating zones
of sah withdrawal and diapirism.  Graben-type faulting
and type 1 wipeouts on the subccntral  rise support the
diapir interpretation.

The trough east of this uplift is well defined by faults,
@igure  12) which, in fact, make it a grabcn. With a width
of approximately 7 km (4 nmi), the trough is roughiy
[wicc as wide as the largest  diapir-crest  graben.  The
trough IS also much longer, extending southeastward

limit o f
s t u d y  a r e a—n

salt or
caprock

~[’- :  ““-----:— 0123km-.—— -—- . . . --—— --——
— -. —.. .—— .—. —

~, ..-. .:- -I ,:.-\y .:.A._1-

“

0

U.1

:. 4-----  .. - - - - .,

:. # L. , ,, \.,
.44. ”.: .! :... . ..-~ ._  _ _ _ _  :y”?i.,  ‘i
<Y-,  “..- - ,; -;,. .). .
~s?.,+--~”.~  F--——”+%. ,;.,. . .-., . ... . ‘- ‘-— . .. —- -
P,k?:ki>: :.2”  ‘ i: - ,x.. —_, .,.
‘:’”-’::’)”  - - *:’’”:’  . -3

deep (gas?) wipe Out 8
Figure 10-Multi-cbsnnel  (12-fold) profile through the high-
relief bsnks in nortbwsst part of study sr-. Uplift is rsnderfain
by strong reflection (w approximate} 1.4 see) chasmctetic of
ash or eeproek. Ome  pinnacle is ssnderiain bys deep loss of *is-
mic enem anafogaa&  perhaps, 10 gas w@ Out-s ia 3.5 kHz pro-
fifes. See Fwre  3 for ioation.

beyond the study area. This trough merges northward
into the steep slope of zone III and projects into the nar-
rower grabcn  cresting the nofiheastward-trending  arm of
the bifurcating diapir  ridge ia zone II. The faults forming
the boundaries of thk  trough are interpreted to r=uit
from differential venical movements due, in turn, to salt
flow at depth, and not to resuit from extension across an
uplift. The trough shape may be fortuitous or may reflect
glacierlike  dowttslopc  movement of the salt, sliding by
gravity over thinned, transitional crust at an -Iy stage
of basin development.

Diapir Network

The diapirs in this area may form a network of struc-
tures (Figure 13). The more separated diapirs occur in the
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Fqure 11 —Sslinity  vs. depth its ooc ofl-buriog core.

noflhwest and southwest of the study area (although con-
necdons  to other diapirs at depths gr~tcr  than about 5
scc cannot be ndcd out entirely). The primasy network
consists of a central diapir ridge (CDR), which splits
twice to form ~em, nomhcastern, aztd notlhem  arms,
each plunging away front the CDR. This splitting results
in zone 11 changing from highly faulted to the west into a
smooth swale between two 1sss deformed anticlincs to the
east.

The CDP line crosses the CDR near the first bifurca-
tion. The salt uot be seen clearly, but the structure
suggesu that its top is no shallower than 824 m (approxi-
mately 1 sec or 2,700 ft) subbottom (Rgure  9). At greater
depths, structural crem seem displaced upslope. The
CDP line also crosses the eastward and northeastward
extensions of the CDR where rnitdrnum  depths to diapir
tops appear to be 980 and 1,360 m (3,2CH3  and 4,460 ft)
respectively. This line also shows that diapinc uplift

7 5 0
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crests sligh~ly downslope of the bathymetric crest of each
ridge. Funhermore, a normal fauh near the bathymetric
crcs[ of =ch ridge has the dowmthrown  side to the north,
suggesting slightly greater exlension  upslopc.  These
observations could be explained by slight downdope
tilting, overturning, or thrusting of the diapirs.

At about 27048 ‘N and 91 “12 ‘W, the north-em arm
may split again forming a continuation to the ~st-
noflhe.ast and a new arm under the broad, slightly faulted
ridge extcndlng  due north to the shelf break (Figure 13).

Hydrocarbon Ocmrmence

The hydr=bons  are Within a homogeneous to lay-
ered, clayey mud. Most of the mud is olive gmy, but some
with higher Organic content is dark gray to black, and
some surficial mud (top 1-3 m of core) is lighter in coior
and browner. A brown/gray color change mmmordy
associated with the Holocene-Pleistocene boundary
occurs in six cor= at depths from 40 to 320 cm (16 to 126
in.). The radiocarbon age of this color change in other
slope cores is 12,000 years B. P., indicating an average
Hoioccne deposition rate of 13 cm (5 in.)/l,OLXl years at
about 70Vo porosity, which is consistent with other esti-
mates for slope sedimentation rates (Behrens,  1980). The
oil occurs in both Pleistocene and Holocene strata.

The oil occurs in four modes. In large amounts, oil
forms (1) an interconnecting network of veins with gum-
Likc texture. In smaller amoun=,  oil maybe (2) dissemi-
nated = tiny droplets, (3) cfisseminatcd  as linings of gas
mgs,  or (4) lining high-angle fractures. The fractures
have the attitudes of normal faults, but displa=ment  is
not apparent within the cores. Gas-Iiquid chromatogra-
phy (GLC) analyses showed the oil is largely azr unre-
solved, complex mixture with both the normal alkancs
and aromatic hydrocarbon d being nearly absent
from the chromatography (Anderson et al, 1983). This

Figure  L2—Tmwwss  3.5 kHz profile of major trough in bathymetric zone N’. T$otc siurnp 6) extending from the ~~tero  rn~rgid
m an ● coustica!ly opaque zone tbioniog astward.  .% Figure 3 for location: (g) shows type [ wipeout.
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Two migration routes are conceivable: one lateraj to
the crestal  faults  from adjacent Pleistocene stra:a and
one from deeper along fractures adjacent to the salt.
La[eral migration seems unIikely  because it would
require an extraordinm  thermal gradient one or two
orders of magnitude higher than those usually occurring
(2.55 W/km;  O. 14”F/100 ft) on the Gulf Coast, to r~ch
a temperature thal  would produce maturation within the
Pleistocene. The high interstitial water salinity  in one
core (Figure 11) supports the second route.

figure 13—Distribution of dispir  ercsts. Dashes are diapir
crests interpreted from bstbymet~ sod shallow structure
except at rnulti<bnnnel  line crossings ( + ). Improbable diapir
cresf suggested by grabea faults shown betwea question
marlis. Lines of squares show batbynsetric crests.

finding indicates a high degree of microbial degradation
of the oil and a consquent,  signifi-nt production of
PfiLu~.

The gases sampled were airnost  all methane dominated
but had significant quantities of ethanc, propane, and
butanes. Isotopic characteristics indi=ted a major frac-
tion of the gases had a pctrogcnic  or thermal origin at
depth, rather than coming from shaflow, bacterial, meth-
ane generation (Anderson et al, 1983). Thus, the migra-
tion of oil and gas may be considered together.

Table 1 gives core i~tions and hydrocarbon occur-
rences. The high percentage of awes with oil andfor  g=
suppons  the association of the hydrocarbons wtith the
targeted wipeouts in faulted areas. The occurrence of oil
on fracture planes withh  the cores ftmher  indiaes that
migration is associated with this faulting.

Although sampling wu not enough to define the full
exten~ of oil and g= seepage, the seepage occurs repeat-
edly within  the intensively faulted, intermediate S1OPC

“zone that is interpreted as the crest of the CDR (Figure
13). More spccifhlly,  the seepage seems to b-t related to
the faults at the downslow (7 cores) and upsiope (2 cores)
margins of this zone. These faults appear to extend to at
least 1.7 scc depth (approximately 700 m [2,300 ft] sub-
surface; Figure 9). The young age of the faults indicated
by the scabottom escarpments suggesu  that seepage is
related. to fault activity  rather than jus[  fault presence.

Associations Related to Seepage

Eight of the 16 cares taken in this study had round or
irregular carbonate nodules of obviousi  y sccondaxy ori-
gins. These nodules r~gcd from urslithified  soft mud to
rock hard enough and Iarge enough to stop and bend over
600 kg (1,300 lb) of core pipe and ktd weight. 6’JC for
carbonate precipitated from the inorganic bicabonatc  of
sawater  is usually n= zero ( t 4 “/00),  but values  for the
noduks were= negative as -40. #3C vahtcs for ~=.
able bitumen range from -26 to -23 and thosc for kcr~
getilkc residue from -22 to -36. Values for gases range
from -24 to -61. Thus, a likely source for the second-
ary carbonate is the hydrocarbons via COz generated by
microbial degradation.

Secondary CaC03 prccipimion  is obviously at the
expense of porosity. Undisturbed continental S1OPC muds
from piston cores in this area commonly have porosity of
approximately 80V0 at the core tops to approximately
7070 at about 10 m (32 ft). Fifteen of 16 cores taken for
d-is study had porosities beiow 70V0, 13 had porositics
below 65T0, and 9 had below 60%. Plots of porosiry  vs.
carbonate content for individual cores graphically show
the negative S1OPCS that reflect secondary carbonate (Fig-
ure 1 4). Interestingly, these negative correlations oaur
not only in plots for cores containing oil, but also in plots
for cores having OUIY  g= and for some cores having nei-
ther oil nor gas (F&we  14). Thus, hydrocarbotM may
migrate into surfscird  sediment, be microbially odized
with consequent carbonate precipitation and then
migrate on (or be wholly consumed), Iwing onIy the
altered carbonate-porosity relationship (testable by *’C
analyses) as evidence of the event. The occurrence of
these associations in cores without hydrowhons  implies
that hydrocarbon seepage has bun more Widespr=d
than the present distribution of oil indicates.

The secondary carbonate may also have produced-an
acoustic diagcncsis,  which led to the high degree of suc-
cess in resampling the oil seep. That is, the association of
prolonged bottom echoes with coarse gravels (e.g., aigal-
nodules of Addy et al, 1982) may indicate that the nodu-
lar texture of the secondary carbonate is the origin of this
type of reflection in the study ma.

An additional acoustic phenomenon also may be
related to diagencsis associated with hydr~bon  sccp-
agc. Reflections of extraordinarily high amplitude (or
brightness) but quite limited extent occur in many 3.5
kl+z records (Figure 8). The reflections are usually within
unit (b) and increase in abundance near fauiu. These
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high-impedance contrasts may be from carbonate
cementation but also could be from low-density gas
pockets or high-densi(y sulfides. Carbonate content
probably is not thecausc  because bright spots did not
occur at any of the sites wherefores containing carbonate
material were taken. Gas pockets larger than those tha~
could resonate wi~h the acoustic source would not pro-
duce much attenuation, but would have large density dif-
ferences and thus, i.m@anrz antrasts with surrounding
muds. However, sulfides are also known to occur as dia-
genetic precipita[~  associated with hydrocarbons (Sas-
sen, 1980), and their high densities could certainly
account for these anomalously strong reflections. A sul-
fide exphnation  has the added advantage of involving a
substance which, once formed, is nonmigratory and thus
could remain on a dipping bedding plane, which is the
form of most bright spots (Figure 8).

SUMMARY

The cores studied demonstrate replicate sampling of
crude oil and asswiated thennogenic  gases in surticial
sediments, which, in turn, indicate that the basic r&er-
voir requirements of source organic material and its mat-
uration are satisftd ben@h  the upper continental slope
in the northern Gulf of Mexico. The pr=ence of seep oil
and gas correlated positively with location over the shal-
lowest part of a set of diapiric  ridges, the degree of exten-
sional faulting over the diapir, and the very recent activity
of the faults.

High-resolution (3.5 kHz) refieaion  profdcs  showing
the surftcial expression of the structure of this region
reveal diapir distribution by a variety of fatures. surface
pienxment is obvious as relatively shallow, high-relief
areas with strong  prolonged bottom echoes (without sub-
bottom reflections) against which the normally well-
stratified sediments pinch out. Moderately deep diapirs
commonly have extensional fault systems (grabcns or

half-grabens)  at their crests. Within these fauhed  zones,
shallow reflections commonly disappear, probably due
to the scattering and attenuating effects of giu. Deeper or
low-relief diapirs may be reflected at the  surface by
broad, simple anticlinal structures wherein  crcstal  fault-
ing is minor.

On the continental slope the distinctive diapir-crest
grabens arc most obvious in sections parallel to the
regional strike, and they appear similar to struaures  on
the continental shelf or on land (e.g., Figure 8). In dip
section, however, the force of gratit y is asymmetric rela-
tive to the two diapir flanks, and favors the formation of
a half-graben  with normal fauhs downthrown down-
slopc on both sides of the crestal zone. The oil seepage
documented in this study occurs in fault zones at the
updip and downdip margins of just such a half-graben.

The diapir under the seep is apparently ~ of a com-
plex set of ridges. The seepage occurs over the shallowest
ridge which extends approximately 13 km (7 ttmi)  east-
ward. This ridge apparently bifurcates and plunges east-
ward and northeastward, with the northeastern arm
bifurcating again and continuing to plunge csortbeast-
wa.rd and northward. The seepage over the shallowest
part of this ridge system sugg~ the possibility of up-
plunge as well as updip migration.

Simple normal faulrs over the deeps ridges eastward
and northeastward of the seep are downthrown upslope.
Thus, the diapirism has a downsiope  cermmnent  possibly
due to salt ovemrnirsg  or thrusting in that direction.
Multichannel data show peaks of crcatal structures
slightly downslopc  from the bathymetric crests and
deeper stntatsral  peaks located more upslope than shal-
lower ones. This, in turn, supports a model of upsiope
depocenters  acting something like rolling pins and
squeezing salt dowmslope.

The occurrence of highly saline interstitial water in one
oil-bearing core suggests the migration pathway was
close to the salt core of the diapir rather than from strata
laterally adjacent to the extensional crcstal faulting.

Table 1. Cares Taken in CM Scsp Study Area

Correcmd Core
Core Latitude longitude Water Length
Number N w Depth (m) (cm) G%” Oil

IG4701-I 27”44.10’ 91”12.40’ 614 485 P P
IG4701-2
iG4702-1
IG4702-2
IG4702-3
IG4702-1
IG4702-5
1G4702-6
IG4702-7
IG4702-8
IG4702-9
IG4702-10
IG4702- 11
IG4702-12
IG4702-13

27 ‘44.05 ‘
27°35.31 ‘
27°44.21 ‘
27”43.38 ‘
27’44.s6 ‘
27”44.43 ‘
27 %4.06 ‘
27”44.02 ‘
27w.27’
21%4.21 ‘
27 “43.44 ‘
27”44.B ‘
27 “43 .98 ‘
27”43.60’

91°16.32’
91’21.99’
91”18.60’
91°13.51 ‘
91”13.32’
91 “12,93 ‘
91°13.70’
91”12.27’
91°12.58’
91*13.43’
91015.35 ‘
91°18.33’
91018.10 ‘
9t Zil.4’

557
937
568
684
553
567
562
5 5 4
550
567
642
574
563
689

602
378
870

1,015
I.olo

870
907
906
405
240
540
435
370
510

P
P

P
P
tr.
P
P

P
tr.
P

—
—
P
—
—
P
—
P
P

:

P
u.?

1G46-5 27”44.408 91 ‘12.70 ‘ 555 425 P P
.P - gfeam.  u 0 tri3c5

.-
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F~re 14-Porosity +rborasta  relstioastrips. Porosity is volume percent wster of oriainal wet sample: carborsite is walzbt of dm
sample lost by acidification. Data points coaraested in succession downcorw  (A) Gxe j~S4J3  is fto”m coothentst  dope &t@de of
study mea; corv 1(24702-1 is witlsh study araa but not from dzwe sfhplr CVSI  where sqtage w= foand. Major - of posttive
cormehtions betweesa porosity and carbonate fs mfated to ● ssvfronmentaf eontrofs in deposltioml envfrostsaent (Be&ans et al,
1984a, b). (B) Cores IC46-5  snd IG47024  contain ● bnrrdantiy visible oif and W. Negative mmefations result from Ioas of porosfty
by diagenetic addition of carbonate derived from trydrwxboss  biodegmdatirsa. Isa 1G46-5, two megstiw treods with similar dopes
but different positions within graph are stratigmpbidly  sepamted and may represent Hol-ete and Pleistocene levels wlttsiti  core.
(C) CO= IVMZ trace or no apparent hydrocarbons. IG4702.13  ha$ no g= and a swstiorsabIe trace of oil, but negative correlation
of upper six samples suggested seconda~ carbonate precipitation hs ● t kast two samples. IC4702-3  bas neither gas ❑ or nif viaibk in
core, but three samples from older strata (more compacted, 10 wer porosity data poin ts) sttow negative correlation characteristic of
bydrocarbotwelated  diagenesis,

Isotonically light secondary carbonate obtained COZ
from microbial degradation of the hydrocarbons. This
carbonate probably affects the type of acoustic reflec-
tions and reduces porosity. The negative comelation
between  porosity and =bonatc  content maybe a subtle
indication that oil seepage has occurred even where no
hydrocarbons appear in the sediment.
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W’e report here the occurrence of ther-
mogenic gas hydrates in ocean sedi-
ments. The hydrates were discovered
fonuitously during geochemical surveys
invoiving piston coring operations at
27 °47r N and 91°30’W in 53o to 56o m of
water in the northwesrem  Gulf of Mexi-
co. Hydrates were observed dispersed in
carbonate rubble in three cores and
ranged in size from minute crystals to
objects several centimeters in diameter.
Although the cores were severely dis-
rupted by gas expansion during the 10- to
15-minute interval between coring and
retrieval on deck, the gas hydrates ap
peared to be distributed from the top of
the core [o a sediment depth of at least
several meters. Samples of the hydtates
w,ere preserved in liquid nitrogen for
laboratory analysis.

Gas hydrates arc solid iceiike clathrate
structures in which gases are occluded in
a crystalline water lattice under appro-
priate conditions of high pressure and
low temperature. Hydrates can exist in
two forms. Structure I gas hydrates have
a symmetrical shape and cxciude moie-
cules larger than ethane.  Structure 11
h!drates  are slightly larger and can ac-
commodate not only methane and eth-
ane but also propane and isobutane.
Mo[ecules as large or larger than n-bu-
tane cannot be accommodated in either
la[tice structure (1). The stability zone of
gas hydrates in marine sediments is gen-
erally found in continental siope areas
\uhere water depths are greater than 500
m and water ;empaatures  at the bottom
are near O“C. Although a wide range of
moiecules (methane, ethane.  propane,
isobutane. CO:. Nz, 02. and H:S) can
form hydrates. methane and possibly
CO: are the only gases found in sufficient
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quan[ities  in deep-sea sediments to form
gas hydrates. Under condmons  of tem-
pera~ure and pressure appropriate for
hydrme stabiiity, gas concentrations
must exceed soiubiiity ieveis before hy-
drates can form. Therefore, methane hy -
dmtes  can be found only in regions
where there ‘is significant biogenic meth-

ane production or where there is migra-
tion of therrnogenic gases from deeper
horizons. Thermogenic gases do not
form hydtates  at their site of production .
because the ambient temperatures are
outside the stabiiity zone of hydrates.

The presence of gas hydrates in ma-
rine sediments has iong been suspected
on the basis of iaboratow  stabiiity stud-
ies and the existence, in some sediments,
of a bottom-simuiatirtg  reflector ( BSR)-
an anomaious acoustic reflector that ap-
proximately pataiiels the bottom topog-
mphy. cut~ing across bedding pianes and
deepening with increasing water depth
(2). The BSR is thought to represent the
iower boundary of gas hydmte, stabiiity,
beiow which gas hydra!es decompose
because  of increased temperatures. The
existence of hydrates has been infemed
in many ocean areas on the basis of
seismic records (3). Gas hydrates appear
to be common in the continental margins
of ail the oceans. However. to our
knowledge the oniy direct observations
of gas hydrates in marine sediments have
been in shailow cores from the Biack Sea
(4); at a subbottom  depth of 238 m on ieg
76 of the Deep Sea Driiiing ProjecUlnter-
nationai Phase of Ocean Drilling (DSDp/
IPOD) in the Biake Outer Ridge of the
Atiamic Ocean (5): and on DSDP/IPOD
iegs 66.67, arid 84 in the Middie America
Trench off Mexico and Guatemaia  (6).
Because hydrates are not stabie at atmo-
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Table 1. DJta  on the molecular and isoloplc composition o!hvdr”tc ~Js and wi[tr obl~ln.d  dwr
decomposition m a pressure device conscxirg  of a 23-cm”  wmple holder. gmgc t. Iock, mcl gas
samplmg  VR WIh septum (Parr Instrumcnl).  TU’O expmmcn!s  ~cerc performed wuh  \cpJmm
hydra!c  samples mken from a dep[h  in the core of 1.010 1.5 m ?4 f) no{ Ltc[erm!ncd.

I%rameler Expenmen[ I Expcrumcnt  2
.— _ - — .

Gus  (dl ctmrposfrl~m$  m pcrrrnrt  -

ifcthanc 55.1  (-44.6) 67.5 (-44. s)
Ethane ?.6 (-29.3) 4.5
Propane 14.4(-18.6) 14.9
lsobutane
n- Butane
Carbon dioxide 3.; {18.5)
Ni[rogen N.D.
0: + argon N.D.
!MethaneleIhafie  + propane 3.2

Total  components 83.3
30,  methane (per roil) -]s9

Wnrcr  (ionic ,composifions  in purrs  per thousand)+

Salinitv (refmc[ive  index) 9
Chlonflity
Na  -

5.9
3.:

Mg2” 0.21
K“ 0.14
Caz - 0.20
.%J” o.m354

9
4.8
3.0
0.16
0.11
0.16

N.D.

.Numbcrs  m parentheses are carbon isotopic (S’JC)  talw in per roil. *Chlorini!y was determined by
Mohr  timmon and the cauons by mducu.e coupkd  plasma.

spheric pressure (even at –20°C). only
(he sample from DSDP/IPOD  leg 84 was
successfully collected for Iabomtory
study prior to the discovery repe~ed
here. The four previous samplings of gas
hydmtes yielded predominantly biogenic
hydrocarbt gases (mainly methane) on
decomposition.

T h e  thermogenic  nature of the hy-
dtates  collec[ed in this study is indicated
by (i) molecular compositions containing
large amounts of ethane, propane, and
isobutane, (ii) carbon isotopic composi-
tions, and (iii) the presence of oil in the
cores. Results of the moleeular and iso-
topic analyses of gas and water obtained

from the decomposing hydmte samples
are summarized in Table I (7). The hy-
drates had a gas: fhsid ratio of 70: I on
decomposition. The large amounts of
propane and isobu~ane indicate !hat a
structure 11 hydrate was present. Hydro-
carbons larger than isobutane were de-
tected ai very low concentmtions.  The
large amounts of ethane,  propane. and
isobutane and the heavy carbon isotopic
tatio (-45 per mil relative to Pee Dee
belemnite) of the hydrate gases are char-
acteristic Of thermogenic  gases produced
deep in the sedimentary column (8). The
large amounts of nonmethane gases in
the hydrate must stabilize the hydmte

l;l[tice.  <Ince the 6’ [o S°C [emperti[tlrc  (If
w,fi[er ai 530 m in Ihls p:lrt ,>f [he Gul(  ot”
). Icxico is outside [he [cmpcraturc  lm}lt

of m e t h a n e  hydrxle  s[abtl~!y.  Since the
p r e s e n c e  o f  thermogenlc  hydr:l[es In
shallou sedimen[s Impltes [hat  the  hy.
dra[e gas has migrated upward from deep
in [he sediment;iry column. fhcrmo:cn[c
hydrales  could e~is! as deep in !hc secii -
menl  column as their stability would
allow.

The three cores that containtd ~~s
hydrates were also oil-stained. Results of
chemical analysis of two of ~he hydrate
cores are presented in Table 2. The cores
contained as much as 12.1 percent hex-
ane-extmctable  material. Column chro-
matography was used to sepata~e the
extractable organic matter into sa[urrste.
aromatic, and polar compound types (9).
The oil was ex~ensively biodegmded.
with bolh the saturate and aromatic gas
chromatogtams  being dominated by the
unresolved complex mixture. Column
chromatogmphy  of the extractable mate-
rial indicated that most of the degraded
oil was aromatic in nature (23,1 percent
saturate. 44.6 percent aromatic. and 7.6
percent polar compounds for oil in the O-
to 5-cm section of core 165). The large
amounts of calcium carbonate in Ihe core
may be the result of microbial oxidation
of petroleum. Chlorinities  in the intersti-
tial. wa[ers  in excess of seawater levels
may be due to the presence of a salt
diapir underlying the site. The erratic
distribution of chlorini[ies may reflect
the fact that hydrates exclude sahs from
the clathmte  structure because of the
size of their ionic radii.

Although the area where the three
hydrate cores were collected is restricted

Table 2. Data on sediment and imemtitiat water  in (WO ttydsate+ontainin~ cores. N. D., not determined (some sections contained Iarse amounts of
oil. making cenain  analyses impossible).

Sta- Extmct- Organic Refrac-
Depth

SC02
Caco, Sulfur liveables carbon” Chtorinity

uon (cm)
(milligrams

(%) (%) (%) (%) index (per roil) of carbon
(per mill per Ii!er)

166 0 [05 1~ 3.2 16.8 ‘ o,. 37 19.1
166

14.2
?0 to 25 3.1 2.4 18.8 l.~ 38 19.3

166
3.1

40 (0 45 1.3 2.8 19.3 1.? 37- !9.2 21.6
166 60 [0 65 3,? 14.3 N,D. 0.6 N.D. N.D.
166

X.D.
80 [0 85 1~.[ 11.9 ND. 0.8 N.D. N.D.

165
X.D.

0 [05 2.7 3.8 44,9 0.76 38 18.4 :4.:
165 20 [0 25 3.5” 4,5 31.5 0.84 N.D. N.D.
165

,S. D.
40 [0 45 2.1 3.0 37,7 0.88 N.D. N.D. .X. D.

165 801085 0.8 3.0 . 65.(3 0.51 N.D. N.D.
165

S.D.
/40 !0 [45 1.8 2.8 3(3.8 1.2! 55 30.9 ~(,9

165 [60 [0 165 0.4 1.1 16.9 I .20 71 41.? ~9,~
i 65 18010 i85 o~ 1.1 19.3 1.37 73 41.8 19.7
165 200 10 205 0.6 1.6 X.2 1.37 bt 35.6 47.0
165 220 [0 225 0.3 1.4 15. / I .55 ~? 41.s 36. I
165 24(3 [0 245 0.5 I .7 1.2 1.68 60 35.2 ~?.:
165 MO 10 265 0.4 1.4 14.2- 1.66 61 34.6 30.4
16S 280 10 285 ().3 1.3 100 1.87 71 39.3 3[.$

.Organic  cartwn COn!CnI was h,ghi} t mabk m many scctmns  became of a .cpm[c  0:1 pha~.
— —— .—-—— -—-- -  .-
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In size (a few square  kilometers). there is
evidence [hat [hermogenic gas hydrates
may be widespread on the Gulf conlinen -
[al slope. Anderson C[ al. (/0) recently
reported oil-stained sediments contain-
ing large  amounts of gas over a 20-km2
area of the upper slope. Some of the
sediment gases [hey collected con~ained
large amounts of isobu{ane but little n-
bu~ane,  suggesting that hydiates  were
originally present in these cores. .Our
report expands {he area where oil, and
probably hydrates, occur intermittently
in surface sedimen[s to -250 kmz. The
migration of thermogenic gas and oil to
the surface in this area occurs along
faults and fractures created by salt tec-
tonics in the area. Since these processes
are pervasive over large areas of the Gtdf
Coast, hydmtes associated with thexnw-
genie hydrocarbon seepage may be com-
mon along the continental slope.

L.ittIe  seismic evidence for gas hy-
dra~es in the Gulf of Mexico has been
reported. BSR”S have not been reported
for the northern Gulf of Mexico, al-
though (hey have beers reported along
the Mexican Ridge systems (2). Sidner et
al. (II ) observed anomalous seismic fea-
tures described as chaotic facies (gas-
charged sediments). The gas hydrates
sampled in this study were associated
with chaotic facies or I& “ Wil$c?OUI’”
zones. Sections reported as chaotic  fa-
cies may in reality be the top of a sedi-
ment section containing disseminated
gas hydtates (12).

The discovery of thermogenic  hy-
drates associated with oil-stained cores
in the Green Canyon area of the Gulf of
ifexico wi[[ necessitate more detaiIed
chemical, geological, and biological
studies of the area. The extent and distri-
bution of hydrates, their seismic signa-
ture. and their possibie association with
active oil and gas seepage are only a few
of [he areas of interest suggested by this
discove~. Many complicating processes
in these cores need fur-titer study, such
as (i) the response of the microbial eco-
system to seeping oil and gas and dis-
solving salt: (ii) the effect of the microbi-
al processes on isotopic fractionation in
the oil, methane, and carbon dioxide,
and (iii) geochemistry associated with
carbonate formation from degradation of
the seeping oiL Because of the apparent
widespread occurrence of oil in slope
sediments from natural seepage, ques-
tions are also raised as to our ability to
differentiate between natural seepage
and petroleum pollution in [he Gulf of
Mexico and to determine baseline levels.
The effect of solid hydrales  and oil-
stained sediments on the ben[hic ecology
of an area is unknown. Gas hydra~es may

~~ ,lJ~y ,y~

. .

also represent a recoverable resource if
!hey exist in significam quantifies in the
subsurface.

j. hi. BROOKS
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Deparrmet2f  of Oceanogrrtphy,  Texas
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Deep-Sea Hydrocarbon Seep Communities: Evidence
for Energy and Flumitional Carbon Sources

JAMES M. BROOKS, LM. C. KENNICm II, C. R. FISHE% S. “A. MACKO,
K. COLE, J. J. CHILDRESS, R. R. BIDIGARE,  R. D. VEiTER

MUSSCLS,  clams, and tube worms coJlectcd in the vicinity of hyclnxdms  seeps on the
Louisiana slope contain mostly “dead” carbo~ indicadrsg that dietary carbon is largely
derived from seeping oiI and gas. Enqme assays, e!emcntai sulfur anaiysii and caxbon
dioxide fixaaon studies demon.mate that vcmimerstiferan  tube worms and three clam
spcacs contain inuacclhdax, autorrophic  sulfb.r bactcriaJ symblonts.  Carbon isotopic
ratios of 246 individual animal tissues were us-cd to difYercndatc hctcrotrophic
(S”c = -14 to - 2 0  per snil), sulfi.u-based  (S13C =  -30  to  -42  pcr  snil), and
methane-based (613C = <-40 per rtd) energy sources. Mussels with symbiotic
mcthanotrophic  bacteria reflect the carbon isotopic composition of the methane
source IsotopicaUy light nhxogcn  and stdfhr  confwrn  the chemoautotrophic  nature of
the seep animals. Su&r-based chcmosyrsthcdc  animals contain isotonically Ii@
.sulfiu, whereas methane-based symbiotic mussels more closely rcficct tic heavier
oceanic ssah%te pooL Zlsc ni~ogcn rquircmcnt  of some SCCp animals may be supported
by nitrogen-iixitsg  bacteria. Some grazing ncogasmopods  have isotopic vahs~ chatac-
mristic  of Chctnosyntkcdc  animals, suggcsdng  the tier of carbon into the back-
ground deep-sea fauna

w23 REPORT HEM5 A &WtJDY OF THE
acrgy and nurriuond  carbon
sources of mussds, clams, and

rubc worms km hydrocarbon step com-
munities on the Louisiana continental slope
(1). The organisms wac coliccted in trawls
near hy&ocarbon  seep siccs in water depths
bcrwccn 400 and. 920 m on R.V. Gyre
ctuiscs 864-1/2. The nomhcrn  Gulf of
,Mcxico s[opc is cxtcn.iively faulted and fiac-
rurcd  by sdt tcctoni=,  thus providing con-
duits for the upward migration of oil and
gas (2). The tan at thcx siccs arc similar to
rhosc of chc hydrothermal vent sires of rhe
Pacific (3), the cold seep sites of the Florida
Escarpment (4), and the Oregon Subduc-
tion Zone (5). The Ixxrisiana sites arc &-
tinct in chat the vent taxa arc living in a high
hy&ocaAmn  cnvironmcm dc+cd f r o m
deeper rcscrwoircd pcmcdcum.  These venr-
~~ t~a usc organic marrcr prociuccd b
situ by chcrnoautomophic,  sulfidcadizing
bacrcria  a n d  cndosymbioric chcmoauto-
uophs (6, 7). Mctharse usc has been dcmon-
srrarcd  for tic mussels from rhc Louisiana
sire (8) and from dsc Florida Escarpment (4,
9) and has&m suggested for the animais  ar
tic Oregon Subduction Zone (5). .

A variety of tests were used so dctcrminc
the nature (and prcscncc) of cndosyrnbionts

1138

isY these seep fauna. The mussel is tic only
a n i m a l  w i t h  coni%mccl mcthanouophic
symbionts (8) and is the only ont  of dmsc
seep SpCCiCS that pawsscs mcdunoi  dchy-
Clrogcnq a n  Cnzytnc chal+tcristic  o f
mcrhylotrophy (Table 1), The mussel is also
the only animal rested whose bacterial syrn-
bionts conuin  stacked internal membranes
(typical of rypc I mcrhwtotrophs).  Mussel
gills lack the cnzyrncs  characteristic of sult%r
oxidation [adcnosistc tsiphospharc (ATP)
sulfurylasc  and adcnosinc-5 ‘-phqhosulfatc
rcductas-c], lack clcmcntal sulfur, and have
only &ace acrivitics of ribukssc-b~phmphatc
carboxylax  ( a n  enzyme chamaqristic o f
autotrophlc  carbon fixation); thcx faaors
indicate that .~mhionts  of mud gills arc
not sulfur-cmcbzing  chcmoautomophs.

The other chrcc bivaivcs and the NO

J&~d~hM.E: Kcnnisurt 11, R R. Bidigarc,
irrmmcntal  K& Group, 10

b“ ‘ *  R“” ~’0’ ?.!’’”Taas A&&i Umvcrsm. Cdkgc  Scamq 117
C. R, Fislrcrard  J. J. ~ildrc% Oranic Biology GmJp,
Marine .ScicnCc kwnwe. and Ocpwuwm of Bic4@al
SricrICC,  Unnm-sity  of California. Santa Barban. ~
93106

~+%%t.s ‘M ‘~ M~Xedwdhd.  Gnada AI BXS..
K. C&. Grlra  for .\@kd Is/xqc SrudkS. Univmiy
d Gmrgia, Achms. GA 30605.
R. D. VOXcr. Marine Biology Rcuan% huim %ippS
Institution of Orcanqmphy,  1A Iolk  ~ 92093.



vcwmwn:ilcrws  a~pclr  m turksr  sui(ur t~lll Cllclllf).lu(,l:r<)}>llic,  sul FJ: ixilcri.d  stTll -
owdl~ln:  c11cnlo311rolicllot  roplllc Synkmls hILIIILS. T h e  “C\l,iCIICC fi)r :hc \LW(On)yj
[TJ14c 1). IIK crwmc  IcrIvIrIcs, rhc prm- (1.1111s 1s nor  .2s C(MICIUSN’C <!(KC no [mull
L.IICC ,31” clcnkmtd sult”ur m dIc svniwmlt. irum G31\77ro~7s.IIn pomfrrow u M irlkcn  ]n
C(>nrllnillg  rlssuc. and clcclrrm microscopy IIquwl n!irqcn tbr cnqm~~nc an.dt,sis  md
prol Ide mmkncc  char Luxh vcsrimcnnfcrms ~l,c ~(,c [/cJwo,,lYn  ronfnr,?  ~Oi kc+d  dld

311J  k Iucmd  clam, Pscudusnrkhu  sp., con. kkzrc dissccnori. TIIC hcncc ot’ specific

C11ZW3W .) LIIWICS  IS dill< [)!” qll. wl, M! I!>;.
.I::IIIIIC.II  ICC. Nork.  rldcss, rh<. lll:!l L., ..! , jr
clcnwntsl  sultur  m dlc @l\  (It’ C ,POU<I<7.  $IM
JIIJ ttw  hI@  ICYCIS ot ATP suliu,n  IJK II! \
corrhrn @Lt suggcsr rhar sulfur-o~dlz::!~
iimbicmrs wuc  prcscm.  nlc sulriic O\ I,i JW
3.mvIncs  m  311 ammds W3ycd 3rc at [ilc
ICVCI  cxpccrcd tor invcrscbraccs  qoscd co J
sullidc environment (/0).

The wcp fauna ar chc Lmuisim3  sire con-
ram mosciy ‘dcafl  carbm! ( Tabk 2). .%vcraj
sources ofdicr~ carbon arc yssslbk  for rk
sccp arIirnaLs.  First,  carbon can bc dcrnzd
f r o m  paniculacc dcrrrrw flscd  phocosvn-

Fig. 1. Carbon IKXOpIC VZIUCS (per
171L\ rCbUYC  [0 Pcc WC bchltc
standard  I of 24.5 ammals collccrcd
x s.ccp SIWS  on tic lxxusiana  cOnu-
ncncal  dope.

so.
, _  .  . . _  .— .  - — — — .

as.amo!es(”  . 246)  ‘s. :.x-t  -s(.  . !041

rhcric+ is’ rhc Upper  IVarcc  c o l u m n
(A14C  = 100 z 20 pa mi~ S’3C = -1810
-20 pcr roil; backg~ound  fauna arc in Tabk
3). Seed carbon can bc derived from
bacm-ial  organic carbon synrkizcd  chcmo-
ararorrophicdly  from dissolved inorgmlc
carbon (DIOC).  The D1OC can bc dcmcd
*c2 &0r33  ambksx  bocsom waxer
(AJ4C =“ -100 pcrmil; 8’3C = -O pcrmil)
(11) or from riad  C02 (A’4C = -1000 pcr
roil). Dead DIOC can bc dccivcd from (i)
seeping oil and g+ (ii) bacrccial  dcgrada-
rion of tic accping oil and gas, (iii) dksolu-

Table 1. Enzyrnz  accivirica,  &mcnral auliisr($’) omrcrm zcable  carbon iaoro~ r-ado (6’’C),  Prcsmccofsyrnbiuk  bacrcria (S.B.), and mcrharx  consumpuon
(~} in LmIitidud buiaia’ra SiOfX ‘q qankrns. Asays  .crc cocducrcd  on qmb-<orminkg - (bivatw  gik  and xmirxn tifcnn mphosomc  }.
OrK tic of enzyme acrivicy  will convcrr 1 pmol of subsrrmc  co pmdum R&P,  sibuiosc-bkphoa@aK  car&xyb% ATP, ATP sulfwyk;  APS, adcnosine
5‘ -phosphmulficc  rcdux ~ maharrd dchydsogcnasq  SU.16dq  fide oxidz% ND, not daccr~ N, ocx Y, ~; NT, not scsccd:  ‘WV, ..=
wagk;  ‘and ~ ckcoun miamwpy.

Idcnu-
Animai 6caoor2

Gszymc  acdviry  (Unitig  WWrnisa) T &13c S.B.

No. RuBP AIT MS Mcdursoi SU16d-e (% VW) (EM) CH’”

MaYassa
Lucislidac

PscnaksMa 3+X
14-1
14-2
14-3
1414

Mydidac
Usukcriw

24-1
24-2
25-1

VcsicOmyi&c
v. &?r&zaf

18-1
c. pondmxa

CAT-1
CAT-2
CAT-3

Y x
-33.5
-33.6
-32.5
-37.7

0.43
0.41
0.44
NT

12.86
2.47

15.43
NT

0.83
0.66
1.36
NT

2.1
1.94
2.04
NT

0.02
0.06
ND
0.5

Y Y
-51.8
-52.0
-52.6

ND
ND
ND

0.66
0.53
0.4

0.7
0.75
1.09

ND
hm

0.011
0.017
0.027

ND
ND
ND

Y &-r
-39.8

Y NT
-37.9
-36.9
-39.1

h’D0.003

NT
NT
N-r

29.58 ND ND

NT
NT
NT

NT
NT
NT

NT
NT
m

Vatkrw’ja

N7-
NT
.Nr

0.4
8.3
>’D

b-ncuibl-achsidae
.LanuUmdsia 3p.

25-3
254
25-5

Unckcrkd  family
Undsuitxd

24-1
2s-1
25-2
25-3

Y x
1.77 4.5 -36.6
3.15 6.1 -36.8
5.47 2.6 -37.4

0.24
4.03
4.97

4.24
1.03
0.51

0.70

:8

,ND
ND
ND

s N
m 0.1 -36.4
5.32 SC -39.9
2.98 1.9 -41.0
2.37 0.4 -37.0

0.32
1.03
i.m

N-r

ND
i.54
ND
ND

ND
ND
ND
NT

3.57
3.73
5.4’3
NT

“Mcchanc  C—pwrrfrcm  inoltaom  ofgiuzro+==- ~ g-x dmm-umgrapbJc+  (81. t-file v. ~ died bcfolr  dissamcln.
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m-m of mctcnt cartararc, or (iv) dcgrada.
non or scd mlcnta~  organic mxrcr.  Dead
c3rkIn  cm also bc derived from rhc dwccr
usc of mcrhasx by syrnbioric baacria  and
most  likely rcsuks  from dirccr usc 0( na.
mc by chc mussels (8) and cxrcnsive  biodcg-
rxiacion of the oiI and gas by bacrer-ia.  La-gc
mlounrs of lsaopicaliy  ligh~ audsigcnic  car-
bonmc and cxrcnsivcly biodcgradcd oil in
scd!mcncs km the seep sir=  (12)  irrdicarc
acovc C02 produmion. Akhough  most rc-
scwoircd gases in rhc GrsIf Of Mexico COS3-
tain small wrsounts of CQ (13), this source
of dead carton ii hyjmrksizcd co lx minor
relative co ocher ~z sources.

AC the hydrodwmxd  vcssc sites (Table 2),
chc principal source of dicrary arbors for
musxck  and rubc w,orrns is D1OC (6). At
chc FJorida karpma-i~  where maharsc is
appmdy tic major energy sow-cc for CIIC
mussels, the radicarborr contcrsc of chrcc
nsbc worms and drc musscla was okkr,
akhough  not prcdominandy dead (TsMc 2).
h COn~ KO dre hydrodscmmd  vast a n d

Flord3  E.xarpnwlt  si[cs.  m~r or  ri,c n3us-

Scls.  NbC  w(~mls,  Id ckns  x *C fXXSMImJ
strc conrain nearly cic3d CJ&SfI m)e ACJA
carbon m rhc mussc[s supports the mctJtx}i-
ic a n d  phv.siologicd srudscs  rhar indtcarc
rhcrc is a ‘bacccrid symhiosls lxmvccn  *c
mussc[ znd nvxkmomophic  bacrcrra  [n
comrasq tic sulfur-based OAK  worms and
clams must usc dead D IOC derived from
bacrcrid dcgradauon  of hydrcxarbons,  Thus

much of dscir dicraq  carbon is derived
ukimatcly from chc wdis-sxnrs  and noc from
chc more rccasc DIOC  of scmvatcr.  T_kc

csis char oil and gas am chc energy s&rrccs
for chcsc seep raxa.

The carbon isotopic comcm of chcsc scxp
o~~ rckcu the isotopic I+accionadon
char occurs during drc .cyrwhcsis of organic
&mucs (6) and the fd source of the ani-
m a l s  (J4). F i i  1  prcscnss  tic *
isorcspic compositions of 246 Orgaslisrns
fiorn mwJ  aasnpks  colkcccd  on chc L.auisi-
ana-Upper Tcaas slops (34 site).  The moss

Table Z Scabk carbn  and .rabarbm~ssofaccp  acu+vcssr  rax.afromdscdape
Numbers  ofindi+d&widsour~  mfcrsoa  r%orsiscqsic mamsumnw,  numbers m
parcnr&ss rcfcrto mdior@oo andyacLmvalws indsisrqmsz

Nssmbcx

Sampk dcso@ors of ~1.c *1>~ Rd-
(pcc rrsil)

VEls
@rrrril)  Crcrscc

L4aci&yby&arbwsapar
aam rims. (c. prod.?’+ -31.2 m -35.3
aarn &sue (c. e) -36.9 m -39.1
C&n !&se (~e %’.) 1; (1) -7s3 - -30.9 So -37.7
Mud 38 (2) -829, -840 -40.1  m -57.6
Snail (nco~) -31.5
N%=uQ@s 1: (2) -210, -544 - i4.6 m -32.8
Tu& WOm7 @rnc&brdriu)

THe 1 -27.0
Tube -28.1

Tutc worm (bmdMnK&“ )* 3; (1) -586 -29.8 m -57.2
Tuk wmrrar  (~OnO@O~)* 22 (2) -205, -749 -30.5 co -59.3
Tuk  WOml (+ia-&)* 24 -2L4  m -48.6

H~ yr sir= (G+qqar  end 21W)
a a m  &u. (c. mr@j%a) ~ -32.1, -32.7
aarrr Iissuc (c. mJr#C4)t 4 -32.1 m -39.9
Mussd - 3 (3) -270 so -22S -32.8 m -33.9

(Baskmdadm drmqolr&r)
MusscI  ‘issue (B. Jmr.@ik) -32.7 m -33.6
Mud kc (B. rbrrwrqhrlso) 4 -32.1 m -37.2
Tube worm  ‘(VdlTKSI rifmrr)  - I (1) -270 -10.9
Tube wcmn (v~dfcml) &us  1 -10.8 m -11.0
Tube WOmS  tillc$ 4 -11.9 m -13.7

~)rti
Mussd dSSUC  (r@id) -567 m -247S -74.3 z 2.0. (SD)
G-@ smue (rmdsid) 2 -59.9 z 0.7 (SD)
Tube WOml (VCSZkK!3 dfmn)  dsssse 3 (2) 419,  -424s -42.7 z 0.7 (SD)

Cksyyubdnam. rirt
am tiK (uzww SP.) -35.7
Clam gills (C+psQpl Sp.) -51.6
am k.. (*. ~.) “ 1 -31.0
Tuix WO~ (Lrmdiibmc.ks)
T- 1 -31.9
Scsmcm . -26.7

(1)

TR
TR
(1)
TR

(1)
(1)

R
TEL

yl

(6)

(:)

(6)
(g)

(4)
(4)
(4)

(5)
(5)
(5)

(5)
(5)

“lndu4sbdl@J&md  -  &d@usr~ tvdu6ilsdudc isolaurrgills andremauu
Include 09kcd =@—=—==d  — $’khs&ec  rssidy.p  ecmragdmcdcs%%
conwmorltO. i’Y~mdcmas  Opcrra

[1+0

scrlking fcarurc of FIg 1 IS the Three  MOrOpI.
c~lly dmncr  groups of  13ivalvm. The mu~cl
rtssucs all have 61’C v31ua icss dsan -40 pcr
roil. The 6’3C ~vducs twwccn -30 md -42
pr mil rcprcscnr chrns wlrh sulfur bactcnal
syrnbionrs.  These vducs arc ssrnilar ro chox
of rhc hydrochcrrml vast clams (6, 15, 16),
which appear to derive rhcir cncrfl  horn
hvdrogcn  suffidc.  }Vc assume rhat elm-n 5‘ ‘C
vafucs rt~icd of deep-sca fauna ( -14 ro
-20 pc; roil) arc hcrcmrrophi~

The light carbon isompic vdu= of tic
mussels arc characrcrisrk of &c mahanc
symbiosis bcmvccn chc bacrcria and tic mus-
ad (8). On Johnson &ss-.Unk-I  diva 1877
and 1878, wc colkcmd mussels living in a
bubbling gas sucasn as 630 m in Green
Canyon (W) Block 185.  The muds 5’3C
(-40.6 pcr mi]) &y rcf?ccd ChC COrrsp&
sition ofthc  mcdsanc (-41.2 pcr nil) used
by tie bacmrial  ayrrsbionss.  Biogcnic mah-
anc is Charaacrizd by ti”c Values kss Chan
-60 pi rrd  with few, if any, longer chain
hydrodxms, Whcras dlmnogcnic gu
corsrains hi#rcr hydmcahoo WSCSandwc
vahscs ha&r kn -45 pcrkil (1?’). The
muascls tiurra K- 18S have dscsmogcnic
isotopic wsha=.  Mosr of rhc msamcis collcct-
cdl%omrhc mwissuggar  assa&dmurcof
biogcnic and dsccmogcssic  mCdsasE The gill
arrdmandc dssucfiomducc  rrausdsinouf
srudy have sisrsik isompii  ccsnposiaossq
indicafisrg a msssfff  of kmrial  carbon km
dsc symbionrs in chc gill to shc mussd’s
Odscr tissues.

Tube worm dssucs and cubes from chac
sires show a range of 6’%2 values km -2o
[0 -58 pcr nil (Fig. 1). k  Wk5 arc
a~ical  of she fm p&OSU rcporcf &csm &c
hydnxhcrrnd vcnr (6, 15, 16) arsd orkr mld

rifcmns (@f&seep sires (4, 5). The vasimcsr
Pc&@Jz) h the hydrodmrd  VmU all
have 6’3C  vahaca  mar -10 pcT rnil (6, 15;
Table 2). Onc suggcsccd  cqianation of chc
havy  vslucs is chat Q hmhsion during
growth prccludcs dkrimkasion  SC the $&c
of sxbon  6xation (6, H). The ocher S’3C
values for subc worms ihrrs drc Florida
Escarpmcsw  assd the Orcguo Subduction
Zone show Jighmr  6*3C vahscs. Tlssas tube
worm values havicr  dun -42 ~ rnil arc
ChW’KCCfiC  of srdfur-based crrdosym-
biorsrs. Valu= Iighccr rhan -42 pa miI in
hc pogonophorarrs  may indiare  a conrnbu-
tion from mcchanc  cndceymbionrs.  The
rhrcc ha~y vaium (-20 to -22 pcr roil) in
*e vcsrirncrvifcrans  bm dsc Louisiana sires
may rcficcs procasc3 similar to chose occur-
Mg at cfsc hydrod=md  vent sit=. nC
wide range of valsrcs also reflect she mukiplc
=p~ sir% d-se patchiness of ds~
gcrdc  hydmcarborr ~ and perhaps a
diffcstnce in chc 6*3C  of dsc DICK UliiZd
byrhcanimais.  Allofdrcriuucandm&
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Tab@ 3. Stable cartmn. nnrogcn,  and  sulfur isotop!c  ranos and ra~tin mcasurrrrrcms  of ~U.$IW siopr ~ Wgmmru.  .Nw’nbrm  w pmcnrhcscs
u-dicacc chc rrurnlwr  of W* rcpr=nred by rise rm’y?c. ~znom  XC 9-squarr-nmrlcaJ-rndc  $tmc~ Managcmcnr  *CC 1= UC= and blah (GC.
Green Canyon; GB. G2rdrn  Banks: EB, Ewing Bzrsk;  and ~~fc. MwissIppI Crnyon) w mcasurcrnrnrs  arc on xirnal sofr nssuc.

Anmal karson
~t>c &15~ b~s J’”c

(pn mli) (pm  m,!) (pm  rnd) I ~r md )

Srmbwn.t-rontammg  .wrond  (chmiqmrhmr)
BLvalvrs

.Muurl GC-272 -50.1 to -45.5 (9) -12.9  [0 +3.0 (lo) +13.4, +7.5 (2) -S29 (1)
(hi}- ~d~~) “  ~.27z GC-23+

Clull (c. pm&ma)
clam (v 4.)

–34.8, -35.0  (2) +1.1 ro +7.1 (3) -0.1 [0 +2.1 (3)
GC-116’ -36.3 (1)

clam (IbIdCmdrh. Sp.)
-0.9 (1) -254  (1)

K-79 -36.0 [o -31.8 (3) -3.5 [O +6.1 (3) -ll.s;O +1.3(4) -753(1)
Vcsnrnrnofrnns

Tube WOMS  (~dikc) GC-272,  GB-K8 -4s).9 to -30.4 (3) +2.9, +5.4 (2) -3.5 (I) -205,
-949(2)

Tube WOMl (-”- GC-33 -43.2 (1) +2.7 (1)
brndria Sp.)

-2.7 (1) -586  (1)

Hrrrroar@ti  +-sea  .wriaw&

N~ MC-839, EB-101O, -32.8 m -14.8 (5) +2.8 co +13.0 (4)
GC-33

0.0 CO + 18.7 (4) –210,

Shrimp GB-300
-544  (2)

clan’s &4a2xI@
-19.5 to -18.6 (2) +13.3 (L) +13.3 (1) +123 (1)

GC-272 -18.7 (1) +8.9 (1) +16.1 (1) +96 (1)

psi= (rnotc dsan 12 p@ ‘asm@d show
simik carbon wcopic cornposiaons (Fig.
1).

l%c suKrr isotopic content (Table 3) of
the seep firma also diffcrcnciarcs sulfur and
mdsane mcrgy sources. Mosx animals &om
food wclx based on phytopIankron  have
srdfur isompic composiaons bcr.vcm 13 to
20 pm ~ similar to dsc sawatcr  sulfate
@ (+20 per nil)  (18, 19). Fry a d. (20)
found char the fauna at hydrothermal vast
sites had wducs bcnvcm -5 to +S per ~
similar to Cbc Sulfi.lr-bearing Olincrals  of the
vcnrs. Mrhugh  the HA isoropic comcnt of
the Ixsukiana  sires is unhowq the sul6de-
bascd tube worms and clams have values
bcnvccn  -12to +2pzmiLSomcncogas-
rropods have Whlcs in this ran- rckting
dlct510S@ltiC  diCUry CXb021  and SdfIK,
whereas 0d2c25 haVC  VakS ChXXttiC  Of

dccpsa hcrcrotrophs.  These values arc con-
simcnt wids Fig. 1, whih shows that mmst
of chc ~pods concsin hcrcrouophic ar-
bon. Howmr,  some of the ncogmropods
show o-ansk of chcmosynthcric carbon into
chc background r.lope fa~ which mosr
likely rcsuks from the food source of these
snails hat ofrcn prey on bhlvcs.  The rncrh-
anc-based mussels havc sulfhr values more
chanmrkcic  of tic heavier scawarcr sul-
fare.

In a manner similar co carbon and sulfur
isotopes. nitrogen isotopes may indicate
sources of niuogcn and food web rclatiom.
H@rcxhmnal  vcrrt  COM2Ma2tiUCS (21) a n d
seep communiri~ of drc Florida E.scarpmcnt
(4) have unuswdly dcpkccd nimogcn WrO-
pic competitions compared to rypical rna-
rinc values (5 to 15 pcr ml) (22). Such ‘sN-
dcplctcd values have been arrributed co frac-
ciorranons  ofsourcc nitrogen either rhrough
assirmlarion of dcpkrcd nirrarc (21) or am-

zo NOVE.MBER 198-

morsium (4 ) .  AK t h e  Jxmisiana sit- ‘SN
values rmgc from sirdar to those previous
studies (4, 2~ ) to cvm rnorc dcpkrcd  values

(  - 1 2  pcr nil).  Such dcpktcd ‘SN VJ.b.tCS
have been rcporrcd for Iaixxatory  algal cul-
tures Widl high (millimolar)  Con-ccntranorrs
of ammonium or niuatc (23), ammonium
rich hot S@lgS  (24), and nirratc-rich  bkcs
irs Antarctica (25). Inallofdscsc Casca,
ck.mcd  inO@C  nitrogen COtlCCslUari021S
allow for marked disusmm“ “aaoninthcu~
take of “N radvx than ‘~N, wirh tenaltig
cells bcirsg much dcpkrcd in ‘SN. However,
such unusual Cnvironmm E arc nor qccrcd
at the seep sires. Normal (micromolar) levels
of nitrate have not bcm associated wirh
large l~N dcpktiom  or anomalous WIU=
(22, 26,23.

An akcnarivc  sxxcc  of nitrogen is 6xa-
rion of nitrogen gas (Nz) asxxiatcd with
methane km the seeps. The N2 of rhc vent
gas, once fi4  may bc che sok source of
nitrogm for sornc of C12C O- x ~.

ISN dql~on. The NZ Wcared by their
isolated from a narby oil WCII  has a ‘~N
V&lC of –2.9 F rd. Mictootganiarm 6x-
ing ~ & wo~d  *I= haVC %ic V~U=
near -6 pm roil. Natural ~ tim orhcr
oil rcsccvoirs have bcm rcpxrcd  to be as
dcplctcd as -14.6 pcr rnil (28), so d2C N2

gas associarcd with rhc amp ara could be
cvm more dcplcrcd.

The dietary carbon, niuogm, and sulfi,
energy sources; and crophic rclatins  in the
Louisiana seep ecosystems arc compla. The
wide ismopic rarrgcs  of organisms from
rhcsc sires as opposed to other vmt and cold
seep siccs suggcsr rhar cirhcr  (i) chc Louisi-
ana seep communities arc more compkx  and
diverse or (ii) rhc fewer isotopic mcasurc-
mcnrs ar rhc orhcr  sites do nor adquarcly
rcflccr rhcir  diversity and complairy.
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Gulf of Mexico Hydrocarbon Seep Communities:
Part IV—Descriptions of Known
Chemosynthetic Communities
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Gulf of Mexico Hydrocarbon Seep Communities: Part lV—
Descriptions of Known Chemosynthetic  Communities
by J.M. Brooks, M.C. Kennicutl 11, LR. MacDonald, D.L. Wilkinson, N.L. Guinasso  Jr., and
R.R. Bidigare, Texas A&M U.

T h e  Ceochemical  and Snvironmsnul  R e s e a r c h
C r o u p  (GERG) at Texss  AM Universi ty hss d l s . seve red
vent-type. chemosptbetic commudcies sssociaced
with our recenc findings of widespread hydrocarbon
seepage, gas hydrates, snd autbigen.ic  tsrbonate on
the Texas/Lauis  iana  contfmaatsl  slope. These vent-
cype can (clam, mussels snd tubewocas) are unique
in that they are associated with active gas and oil
s e e p a g e  and  harbor endospb  Lotlc,  ehemoautotrophlc
bacteria. including a proven methsnmtropb.

W-R00 UCTION

Deep water chemosynthe tic orgsn.isms were
discovered by Geochemical  and Environmerztsl  Research
G  rmrp (GSRC  ) scientists lm 1984 while  Crwlhg at
previously discovered sites of oil seepage sad gss
hydrates (1, i!) on the Latisiaaa continental slope.
The chemosymthecic co-ci~ tomaist  o f
assemblages of tubeworms,  clams, mzasels, bacterial
mats and other associated orgauism. The
cheums~thetic communities aasecisted vi th
hydrocarbon seeps on the kmlshmm/Sexas  continental
s lope are one of a series of functionally and
caxonomically related assemblages . In tbe deep-sea.
I_hese communities sre characteristically associated
with sources of hydrogen sulfi& or meChsne in an
oxygensced  environment. The underlying geological
processes supplying these redmted compmun&  vary
from site co site.

In rhe Gulf af Mexico A“emosyntbetic  organisms
assume an applied lmpor~ce because we are faced
v i  ch the pocencial  @.mcc  upon ●  fauna  that i s
uniquely associated with ezploitsble lsydrocsrbmn
resen-es. The U.S. Dept. of Inter ior’s  Kkerals
Management Service Notice to Lsssaes  (NTL-88-11)

References and illuscracions  ac end of paper.

requires “all operators of lenses in water depths
greater than UN w . . . to provide s commis  tsnt and
c o m p r e h e n d  ive approach which  will avoid dauge to
h i g h  &ns Lty chemosynthetic  commun ities”. Itsms, MS
is requiring - prior to approvals of Appliucions of
P e r m i t  to Drill (APDs) snd Pipeline dppllations,
the operators shall delineate all seaflomr aress
vhich would be disturbed by the proposed operations.
Addltio@ly, an snalys is of geophysical iSifO-CiOn
f o r  t h e s e  a r e a s , as well ss xny other pertinent
information available. shall be fmrdabed which
discuses the possibility of disturbing geological
phenomena (such as hydrocarbon chmrged sedimsncs,
seismic wipe-out zones, anomslous mmumds  or tills,
gas vents, or oil seeps) that could support
chemosynthecic organism-. Thus, the exist-e  of
chemosymthetic  organisms on the continental slope is
of practical importance to the 0 il industry.

This paper aumsxrizes the vkul obsez-ratfons
of chemosynthetic commurd cies from submersible dives
on the Johnson ‘.Sea-Link= and U.S. l?avy Kg-l 1ss
1986-1988. Ghemosynthetic commumlcies hsve bsen
confirmed ac sites (3) other than * ones
s-rized here based  .x the recovery of  ergmnisms
fram trawls.

BACKGROUNQ

Recenc discoveries in the northerm  Gulf of
Mexico are dramatically altering our understanding
of che geological, chemical snd b iologicsl  processes
which contro L the overall ecology of the continental
slope. In che geological area. high resolution
profiling has increasingly shown that sslt tectonics
and related processes dominsce mesoscale tmpmgraphy
and produce islands of hard substrate in a
predominsmcly  mud environment (~). Active and
widespread geochsmical s ys terns involving
hydrocarbons ac or near the &ep - sea sedlmenc-water
interface were first confirmed by the discmvery  of
oil-s Cained cores and thermmgenic hydrates by GERG
(l). Trawling in these areas lacer discovered thaC
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a fauna utilizin~ chemosynche  t ic symbioncs L-e ~ ~ prominent bou  Ldcrs. Along the w e s t e r n  s i d e  of  the
assOciaced  with ~h=se syscerns ( 5 , 6 ) During Wr carbonace  cap , c h e  carbanace oucctoppings  f o r m  an
ongoing resea rch  on seep geology -geochcmiscry  - escarpment. which rises about 15 m at its sceepesc
biology, we have asde a nwnbec  GE advances which are ❑ argin. ‘AC l a r ge r bou lde r s copped  by
espec i a l l y  r e l evan t  a s  f o l l ows :

are
gocganians.  which are in turn frequently encrusred
vich large ophiuroids. Lsrge colonies of

(1) I d e n t i f i e d
the

chemos~thec  LC organisms (e Lther S.cleraccinian coral .i.ophelia
cubewoms .

sP - are &l*o seen
mussels and/or clams) aC 17 accached  to the exposed portions of che boulders .

norchvescern  Gulf of Hexico concinencal slope Filigreed patches oE bacceria  can be obsen.ed  on che
sites; sedlmsrms. Closer to regions wf greater community

(2) C o n f i r m e d , b a s e d  o n enryme a c t i v i t i e s . density,  che bacteria pazches increase in area and
elemental s u l f u r concenc and eleccron are interspersed vich the slendsr (3. S rea) black
microscopy: chat tubevorms  and clams from these -es of a pogoaophoran Galachealinum  n. sp. , f~~ly
s i t e s  - contain chemoaucotrophic, bacterial Polpranchiidae (E. Southward, pers. coma.). The
endosymbioncs: mmsc prom Lnenc f eacure  of t h e  dense a r e s  of t h e

(3) Found a mussel chat is capable of utilizing cormmrsity are tubs worm bushes, which -Cur be~
methane as its sole carbon and energy source among he carbomsce ouccroppings and on So f t
[ che firs c demons craced symbiosis between ● sediments away from surf ic ial rubble.
methanotrophic bacceria and an animal (6,7) ] :

(L) Idenclf  Led shaLlow sei~ic “wipe-out- zones ● s Two species of vesci.mencifersn  tube worms have
high probability sites for chemosynthecic been collected froa Buh Hill snd other Louisiana
ecosystems; Slope seep commurlities. I’hese  have been ideacified

(5) ShOw *ac oil seepage is associated tdrh all as f.amsllibrachia  sp. . family bmllllbrachldae and
Gulf of Kexico slope chemnsynthecic  ecosys cams Esccrpim- like species, f m“ily Escatpiidae
located to date:

(U. L.
Jomss.  psrs. corns.). lbe  escatpid, which can be

(6) Demonstrated zhat carbon, nf trogen and sulfur disdnguished  Ln the 3S mm photographs by lcs
isotopes are u5eful in differentiating distfnrtive  fhiring of tba tube .+aning, 1s f e v e r

heterocrophic, SU1 f ur -baaed and mathsns -based in nvabsr  and generally forms sparse clusters of
ecosystem; retumhent individuals. The Lsmelllbr.schfa  cp. forms

(7) Idenclfied  che transfer of carbon frors the bush- like cl-ters in numbsrs rarrging  from a few
chemos~thecic ecosystem to background Ceas to many thousands of individuals. Aithou@
heterocrophic orgsnisma; Lsmcllibrachia sp. is clearly dominant,

(8) Documented two
nixed

sites o f act ive liquid chsters  of kmeliibrachfa  sp. and the escarpid do
hydrocarbon seepage co the sea surface; Occmr  .

(9) Discovered ● t Least 12 gas hydrate locstiow in
the  Gu l f  of Hexico: snd Am undsseribed  msel (tfyrllfdae)  , which {S

(10) Dat&mlned that shell beds are being prnduced s wlu co mambers of the genus Bsrhyswdiolw  (IL. D.
in and around ● ress of petroleum seepage. Turnar.  p a r s . conrs.  ) forms discrete beda on both

soft sadimants  and among csrbonmte  outeroppings.

PFSI=I~ION OF WI FOF~ Hussels  4 tube vans h-e been obsacved  together;
hovsver. the larger EUSSel beds usually contain only

The folloving ● re visual &scripcio*  of knmm stuncad subeworms,  Lf any. The beds are irregular
chemos~thetic cO=mnities  o n  t h e  Culf of  !fexico

in shape. often in close proximi~ to eatb other,

continental slope. and rsnge in area from less than 1 ma to
approxiucely  20 m2.

Bush Hill - GC-L8L/18~
Streams of bubbles, priusrily mathanc.  csm be

Bush Hill occurs over ● salt diapir -t rises obse~d escaping from the substrate, bmtb within
about 40 m above the surrounding sea fleer go a the wsel beds and in their immediate vicinfq.
minfaum water depth Of 540 m. The fea ture  is Snma of these bubble streams are Lntet=ittenc
loesced 210 h sourh-sauchwest of Crand Isle, U ● c
27 °67’N. 91 °30. fb”w.

relaases: others continued throughout the parimd  of
It lies in the Green ~on observseion. Distmcbance of the bottom in the

offshore leasing ● rea betvee’n ,blntks 184 and 18S, vicinity of mmtbane  screams can cause the release of
apprOxtiaeely  3500 m from the drill template of that large ail globules, vbich  float  ~.ard. Such
is currently tie world’s daepest oil-production relasxas  of oil esn also be obsened in other
platform. The sediment in this =rea consists of locatioos, UUSlly as ● result of some dierurbance
silry-clay and is of cons iderable thickness; of the bottom. A dsnae  orange-colored mat of
however, much of the sedimentary facfes of Euah HilL bacteria often covers  the oily sediaentm.
itself have been wiped ouc by rising gas and liquid
and by in siru formation of aurhigenic csrbonace and A diverse assemblage of ceasson  slope fauna has
sulfides (Fi~res  1 and 2; 2.8), been recorded in the still photographs and the tideo

cspes take. at Bdsh Hill. Batiypelagic  orgmisms
The sediments of the depauperace  periphery of inclu& tunicates, squid and trichlurid  fishes. The

Bush Hill are pale ochre in color, with an easily f tsh Eop Ioscethus  SP.
dfscurbed  flocculence Layer.

1s frequently seen hovering
Although the bottom in over the tubeworm bushes. Othex fishes (including

this region show excemsive  ichno-traces,  fnsluding Chaunar piers. flroph~cfs  cirratms  and PerfsrenfOn
burrovs, shallow depress io- and mounds. very few grayae)  are frequently obsemed  swimming ne=r Or
organisms are seen. Cenerally, as one progresses up resting on the botrom. Crustaceans imc lude d=capOd
the slope of che carbonate U P, the color Of the crabs (Geqon  sp. , Ba+pl= cyphl= and MMia
sedimsnc  changes co a slate-grey. and the lchno. cr=ssa), shrimp snd the giant isopod BachnO~us
traces appaar to becoas less frequent. Carbonate gigas.
outcropping can be seen. ranging from rubble to



OTC 5954 Bllooiis , KLXX[CUTT, ?liCMl::.\LD,  WILKINSON. CUINASSO so  BIDICARE J

Hussel  ;nd Tube uorm Communities in CX-23L

Lease b l o c k  GC-23G is currencly kno.-m to
concain two large communities of cheaosynchecic
organisms The larger, in te-s of areal cover.  iS
a communicy that 1s dominated by a mixture of seep
❑ ussels and a luc  inid clam  (Pseudomi  JCha  sp. ) . T h i s
communicy  is locaced  on the  w e s t e r n  s i d e  o f  CC-236
and extends across an area of Level copogcaphy  along
the  990-m  i.sobach. A second  community. smaller in
a r ea  than  che  b i va l ve  commun i ty  ( bu t  pos s i b l y  more
subscancial  in terms of bi.amsss)  ,  compr i s e s  wha t  is
e s s e n t i a l l y  a  s i n g l e , contiguous tube worm bush
occupy ing  an  area  of approxi~cely  1600 mz.

T h e  m u s s e l / 1  .cinid  cammunicy  h a s  a  b r o a d ,
linear  form of about 300 by 75 m. The sediment o n
che peri. phezy of t h e  cmrmunicy is the can and
bioturbated  s i l t y  c l a y  thst  is typical o f  t h e  ❑  i d -
s l o p e . P roceed ing  i n to  the  comity,  che s e d i m e n t
color changes abmptly  to a slate -grey cone  .
Although a few low cocky ouccroppings  can be seen,
surf ic ial relief is quite  uniform throughout the
area. One soon notices a scattering of chalky and
disarticulate lutinid shells. ss well u a series
of shallow depressio~ within whkh *e sedi.msnrs
aPPear to bs sulnsd dsrk gzey. These depressions
are quite variable in shspe, rsnging  from roughly
c irculcr a r e a s  3 0  co  50  c m  a c r o s s  t o  eumilinear
features several mscers in length. Host s t r i k i n g
are branching, Linesr feamzes thst give the
discincc  fmpressioa  of bating been formed by the
flowage of a dense liquid across the sedfiettc
surface. White snd orsnge bacterial ~ts zre
common. Seep ma.ssels appear first in widely
separated clusters of 15 to 20 individauls. As the
density of tie c~g - incresses,  these cluters
join to form stringers up co 3 a In length snd, in
several places, densely packed bs& thsc are
irregular in shaps snd up co 5 m ● cross. Azess of
dead mussel shell sre co-n. Although vsriable  in
density, the scatter of lucinid shells dues not
appear  co  be segregated from the mussels: however,
living lucinids hsve net yec been observed or
collected.

Streams of gar bubbles are  comnLy  seen
escaping from the substrate. A t t e m p t s  t o  t s k e
sedi.menc cores in this cmi~ were often
frustrated by a Lsyer of impenetrable mscerlal,
probably carbonates. thsr underlqs  che s o f t
surficial  sediments at ● dsptb  of less thsn 10 cm.
At the western end of the c~~ the occurrence
of bivalves snd bacterial mezs c=es altogether.
T h e  bottom then beta  quite fht, seamingly
coarser in texture and appeszs to consist of a
visually str iking dxrure  of b o n a - w h i t e gypsum
stresked with a Mghc zusc colored ascerial,
possibly ● lemencsl suLfuz. The streaking patterns
are large in area (20 co 30 ● scross) and vary from
sunhurs  t shspes to broad flovage  patterns. Al though
fish and crsbs are c-nly  seen smeng the oussels,
few or none have been seen in this area.

The tube vozm c~ity occurs in sn app ● renc
gzshen  fault in an aza of vsriable relief on the
norrhesstezn sl& .of the lease bl~k. Roe&
outcropp Lngs are prodnsrx  snd f requsnc, ranging to
house-sized blocks. On the western end of the tube
wocm ares, there 1s an ● xtensive field of large (up
to 2 m high) gorgonians  ● rrayed in perfectly 1 lnear
rows with 2 to 3 ■ separation beween rows. There

is a brief  exce”c of sparse ~ube worm cover ac che
edges of t h e  couunity, b u c  o n c e  o v e r  the  bu~n
p r o p e r ,  che  cove r age  i s  s o  de=. e tha t  the  boccom  LS
rarely v i s i b l e T h e  t u b e  .orms  a r e Unifomly
s t r a i g h t . u p r i g h t and ac least  2 ❑ in length.
Al though che i n d i v i d u a l s  o n  the e d g e s  o f the
co-unity  w e r e encrusced  vich hydroids. sponges ,
Acesra  bullisi  and even a gorgonian  on one o c c a s i o n ,
t h e  tubss o f  i n d i v i d u a l s  i n ,  c h e  center  of c h e
Coaaunity appea red qu i ce clesn and free from
enc rus t a t i on .

Gas venting can be obser+ed  ac several points
saong  c h e tube worms; hoveve  r, o n l y  o n e sma l l
cluscer  o f  mtssels  w a s obset’ved  w i t h  c e r t a i n t y .
Expe r i ence  vich the Johnson  .Ssa - Link  showed ‘ the
sedimsacs  to be heavily oil-stained. Several push
cores collected from this site concained thermagenic
gas hydrates. so the ercurrente o f hydrates
immediately below the surface is evidently common.

Bussel and Clsm coc!munLti es in CC-272

Zhis lease bl&k COlltiiIIS  an extensive
chenesynthecic communf~  tit 1s domi-ted  by  s eep
mussels s n d  t h e vesic~~d Clsns Calyproge.na
pondanssa  s n d  Vesicomya  w“dts. The occurrence of
CIU snd wsels la this szea is apparently
cozrelsted  wi~ the substrate; mussels .predaainsce
where tbe  substrate is sn ~sed csrbonste.  while
cI= are restricted te szess of soft surflclal
sedimeats. Tube warms sre Ursm=aon, snd Ue stunted
sad ceaveluted  vhen they otcur.

Iha northeastern coznsr of the lease block is
characterized by slopes in eztess of 30° end by a
highly irregular micro-relief cons is cing of exposed
carbonste. l’he cazborbste  ~ezies in form from a 10V
rubble. to pr-inent. sptie-lika  boulders snd broad,
p e r f o r a t e d  p l a t e s . 0 s s  v e n t i n g  i s cnuannly
obse=ed. several beds of seep mussels have been
ebsemad ~ the top of ● mckg rise at a dsptb of
620 m. A very large (> 30 m2) -sel bsd csn be
found in a shallow &pressiOn  tbst _
perpendicular to the contours of th= rise.
Background f svna  are sbvmdsnt snd include nwserous
bag fish. holorhuroids  snd nephropid lobsters.
At-Cbtd epifauns include At=u bullisi  f ( acu~ed
botb b tube worms snd to rock), scleractinian

corals and brschlopods.

llia slope of the risa is cOv=red ~~ sOfc
sedimsnt snd is generally free f ram burrows or
visible -gafauna. Several broad terraces cross the
slope; these sze cszpstsd with dead h =sclY
dlsartl-laced clsm shells. M off the rise snd
onto sn szea of ra latlvely  flet terrain, the de= iv
of shells intresses es doss the frequency Of
artlcuLatsd she 11s. The clsas.  occur in diffuse
clusters rmughly 100 m in df-ster. Several such

c l u s t e r s  w e r e  ubsemed d u r i n g  dives thac  explOCed
the ares south of the mussel beds. Living cl= are
c0mp*r8tivsly  uncommon snd generally ecwr a~ the
en& of curving trails, which fozm es the anbls
plow through the suzficisl  sedtients. presence of
these trails  is r e l i a b l e  nesns for
distinguishing llvl~cl~dyfrO=  dead. erClculaced
shells. Acc~rs to obtsfn push cores from *is
ares  demtuztrated thst the sof e surf ic f al sediments
are underlain with ● layer of ve zy densely packed
clay.
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5L! A  s e a r c h  in the NR-1 was conducted in  Water
depths ranging between 1700 and 2050 feet.

T h e  C a r d e n  Banks  bLock  . 388  che~s~thetic
Boccoa

conununicies o c c u r  o v e r  a
topography was mostly flat, featureless. m u d  boccom;

s a l t  diapir  at a water however.
dep th  o f  2200  co 2300  f t .

seveca  L areas u.sre  obser.?ed  w i t h  e x p o s e d
T h e  f e a t u r e  is located

-140 ❑  i l e s
authigenic carbonate boulders discribuced in a

s o u t h  o f LouisiEM  at 27 °374N  a n d linear zone orlenced  approximately ease-wese. II-M
92 °11’U. Currently this is the only seep community rocb were from one co several feet across and up ca
chat  has been verif ied by submersible obsemation  in 6 -8  f e e t  h i gh . In close proximity to the rocks a
the Garden Bank lease area. How&.e  r, a number o f
o c h e r  a r e a s

small gas seep was obsemed  at a. &pth of 1728 fc.
Of Garden Banks have been identified

chat c o n t a i n Oil-stained cores inferring char Tube wo rm$ and
chenmsynchecic  comuuriitles  may  SISO  b e  co-n

chm  she l l s  were  genera l l y
in

this  d e e p  w+ter  lease  area.
a s s o c i a t e d  wLch the  bou lde r  f i e l d  a r ea s . N o  ~iVe
clams o r  nussels  w e r e  obse~ed. Also srsociated

T o p o g r a p h y  in CIIe
with the large boulders were sea fans, corals,

GB-388 seep area is anemones,
undulating

crabs and fish. The tube worms were
‘L* several areas of rough te~ain. normally single b u s h e s ,  n o  e x t e n s i v e  be& were

Sca t t e r ed  rhroughouc  che  area ● re large esrbcm.ate
b o u l d e r s ,

observed.
surface faults,

Scactered bacterial Mts were also
ad craters (blov-ouc present.

pockets). Gas seeps are ~sociated ~~ ~ese area$
of rough cerrafn. Three typss of gas seeps were Trawl samples taken across the top of this
obsened: those associated with bacterial MCS topographic high have recovered Calypcog_ and
(sporadic gas bubbles wirh low valums releases): Vesicomya shells .
chose found along surface faults (rapid bubbles vith

and vesthentiferan and
pagonopharan tubes.

high volume gss rele=es); and those associated with
craters (blow-out pockets with sporadic bubbles and 9th= Cowurlftl
low volume flow) .

eS
A  l a r g e  w i p e - o u t  zone  is pr~=~e

in the area. Piston coring k praduced several Other communities have beesI s-eyed by the
cores with oil s=lnlng,  g= pockea, and hydrogen submersibles including sites In the Greaa Ganyon
s u l f i d e . Sediment of the U= consists of grey black 29/31 aresa whith contained scatcered  tie
s f lty-clay  and is of considerable cMcbess. wormr  and mussel  beds  (1987  NE-I) ;  a tube vorm a n d

murseI  community several thoussnd  feet  sauth  of B u s h
Bacterial mats are widely distributed oa the Hill in GC-185 (1987 Nil-l): a normsl hecerotrophic

sea floor with Chree distinct colors (~ICe, ~qle CO~i CY in W-195 (1988 Pisces); and a gas seep,
md o rsnge ) . Several ESSS contii~d all ~ree bacterial comuni~ in CC-52 (1988 Pisces).
:OlOrs in c~ncentrlc  rings with cbe orange -t
>ccurring.  in the center.

A diverse faurul assemblage bas been recorded
:rom trawl sample  , NR-1 obse~atfons, Sclll Support for this progrem wcs providad  b~ Texts
photographs snd video tapes. Orgsnisas previously M llniversl~’s  Sea Grant Program (under Grant No.
‘ecorded from GB-388 included tw species of 18931) . HOAA*s Undersea Research Program (Sea -Lfnk
‘es Cfmencife rea tube w cm (Gmdlfbrancbfa sp. snd and Pisces) and the Off ice of Naval Reseucb (M-1)
n Escsrpia-llke species). The bluk pogonophoran provided submersible support.
Galarheali.nu/a n. sP. ) h= been collected f rag tie
:rawls but hsa not been observed ~ tie s- fl~r. ~
‘ish sad other species obsemsd or collectsd  in
.ravls include Gasa fisherf.  Cbsuoas picrw  , 1 .  B r o o k s ,  J.M. , Kennicutc,  KC. 11,  Fay.  R.R. ,
‘rophycis cirrmma, a n d  Peristenf- greyae. S e v e r a l UtDonald,  T-J. snd Sassen, R. A.: ‘Tbensagenlc  CSS
rabs, atakfisb, s~m 9 neoptropods  ,. burouing Hydrates in the Gulf of Hexico, ” Science 225,
nernones, and ether iavertebrste.a  bsve also been 409-411,  1984.
ecorded. brge boulders were toppsd by cord a n d 2. Brook. J.Bl.,  CO%. H. B., Bryaat.  W. R.. Karmi=ct
orgoohzs, on vhicb are luge apbiuroi&. lf. c. II. Harm, R.C. and XcDansld T.J. :

‘Association of G= Hydtaces and Oil Seepage in
Oa cbe 1988 NR.1 cruise  ● large bsd of the the Gulf of Mexico, ● Org. Geacham 10. 221-23k,

n&scrlbed mussel (Mytilik)  wMcb was recored  ● t 1986.
=h Hfll wcs dlscmered  at tbls site. A large bed 3. Kermicutt,  H.C. II, Brooks. J.M., Bidigsre  R.R.
f Cheae mussels were found vltb mb.e worms located and Denoux, G.J. : ‘Gulf  o f  Iiexlco Hydroterbon

.dj scent to tbe  aussels. Gas seepage vu present Seep CammuniCles: 1. Regional Distribution of
wc was very liklted  ● t the ~sel.  site. Hydrocarbon Seepage and Associated Fauna. - Veep-

%emosmthetic  CO-i~

Sea Res. 35, 1639-1651. 1988.
in EB-37& 4. Roberts, H.H. , Ssssen,  R . a n d  AharOa, l ? . :

The
‘Carbonates on the L.auis  iana Coacinental  Sl~e, =

tiovn Sss c Brasks ch~syaCheti c Offshore Tech. ti. , Paper I?o. S463. 373-382.
:onmunitles  occur an a topographic bigb in the 1987.
Lorthwesc  corner of the S5-376 lesse block. This 5. Kennfcuct,  H.C. II, Broo&, J. H.. Bidigsre, R-R. ,
Iigh  between deptha of 1800 and 1700 feet rfses over Fay, R.A. , Uada, T. L. snd HcDonald,  T. J.: ‘VenC
00 feet shove the surrounding sea bottom and is Type Taxs in ● Hydrocarbon Seep Regiaa on be
!ssociated w i t h  a  s t r o n g  aelemic  wipe-out  z o n e . buisiana slope, - Nature 317, 351-353, 198S.
tratif fed sediments are present on the msrgf  na of 6. Brooks .  J .  H . ,  Kennicutc.  11. C., Fls~r. C. R- D
he topographic high. Sedinsnts ere copped by so fc Uceko,  S. A.. CQla, K., Childress.  J. J.. Bld@are.
roun mud becoming grey-green in the &ePer R.R. and Vetter, R. D.:-
eccions.

Deep- Sad Hydrocarbon Seep
Qxmeunities: Evidente for Snargy  and Nutrlclon.d
Carbon Sources, ● Science 238, 1138-1162. 1987.
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7 Child  rcsst JJ. . Fishcc. C. R.. Brooks . J. H., 5c:e.7ce.  ?3?.
Kennicucc.  M.C 11, Bidigare,

1306 -130S. 1986.
R .R. and Anderson. 8. Be5.ens,  E.z :

A. :
‘Ceoiogy  of a COn Cinental Slope

‘A Kethanocrophtc  flarine  !iollur.  can Symbios i s Oil Seep, !:orchcrn  Guif  of  tiextco.  -  km. Assoc.
(Sz,.alvia  Hycilidae): !kssels F u e l e d  by G a s .  ”  I ?e:rai. Gezi. 3u11. 72.  LOS-114. 1988.

CEXTRAL  GULF  OF XI EXICO
LE.\SE BLOCKS

“.:’:::’’;:%: fgg- ::=T’W=’*. . . . . . . .... . . . . .
-+

c’4—
:...:.:::  g:;;;  ;j_:+g~:=~ ~ lfighoilmtml

.: :..: . . . . . . .::: .  .  .  .  .  .  . . -  =.. . . . . . . . . . . .
East EWka .  Gtilkks;  :;;;;:+ ““”::::: ::.: Green Cafiyon+~

A Siogenic  h@81es

1>

Fig. 1 —Locstfom of oil eeepsge  snd gse hydcates In the Gulf of Mesico. Most sites are essnciafed wiUI
chemoeyntfwtic  ecosystems and sII are eesociafed  with selsmlc wi~uf zones.

Fig. 2-Subtroftoin  (3.5 Id@ ~ofikr~ scross Bush Hill In Green Canyon Lesse Slock  184/18S. Notfce
the wipe+uf nsture of the mound.
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Gulf of Mexico Hydrocarbon
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V. Biofacies and Shell Orientation of
Autochthonous Shell Beds Below

Storm Wave Base

W. RUSSELL CALLENDER and GEORGE M. STAFF

Department of  Geology. Texas  A&M  Lltiversity, College Statwn,  TX 77843

ERIC N. POWELL and LAN FL MACDONALD

Department of Oceanography, Texas A&M University, College Station, TX 77843

PAIAIOS, 1990, V. 5, p. 2-14

Clam and mussel assemblages associated with petmkum
seepage on the .h.tisiana continental sbpe form the only
substantial shell accumulations below storm KUU.S  base
on the northwestern Gulf of Mezico  shelf and slope. Four
distinct bwfacies are present at the seeps, domina ted
respectively by mussei.s,  lucinid  clams, vesicomyid  clams
and tubewornw. Eactr prirruxy  seep site is typically com-
posed of a serim  of not necessarily cor@uous,  autoch-
thonous  beds dominated by one bwfacti. Musseis  and
tubewornx  often co-occur, but neither normally co-occur
with lucim-d or vesicomyid  clams.

Lucinid  and vesicomyid  clam beds haue the best chance
of preservation. The vesicornyids produce a trar-dimen-
sional  shell pavement underlain in some areas by sub-
surface Lucinids:  the Lucim.d  && are normally thidwr,
more massive shell beds. Taphonomic  parameters differ
sigm”ficantly  within topographically and sedimentofogi-
cally equivalent areas, both on the surface and in the
subsurface, euen  in adjacent sampks.  Iacal  imriability
in taphononic  characteristics may be a general feature
of autochthonous,  spatially time-aueraged  assemblages.
Despite essentially undisturbed accumulation in qw”et
water beiow  storm wave base, concaoity  ratios rareiy  differ
from 1:1 and frequency of articulation maybe iow. Dom-
inantly concave-up values previously reported in qu-et
water may result from  man’s /ishing  actwities.  Significant
uan”ability in shell on”entation, frequency of articulation

and concavity ratio between adjacent samples indicates
thut many indwidual  stratigraphically-equiuaknt  sam-
ples should be used in any taphofacies  anulysis  of assem-
blages formed in low-energy erwironmerits.  Lucin.id beds
which form below the sediment surface and uesicomyid
beds which form on the sediment surface difiered  signif-
icantly in shell orientatwn  and articuiution  frequency.
Assemblag=  form”ng below storm we base in low-energy
erwironments  may comprise a wide wmiety  of taphofacies
&pending upon whether formation occurs primarily be-
neath the sediment swface or on the sediment surface,
despite contemporaneous formation under similar erwi-
ronmental  conditions.

INTRODUCTION

Benthic  communities dependent upon chemoautotro-
pby were recently discovered aascxiated with petroleum
seepage on the Louisiana continental slope in the northern
Gulf of Mexico (Kennicutt  et aL, 1985; Brmka  et ai., 1987).
These assemblages, dominated by vesicomyid and Iuctild
clams, mfiilid  mussels and veatiraentiferan tulwworms,
are strikingly similar tn those found at hydrothermal vents
(Fuatec  et sL, 1987), hypemaiine  seeps at the base of the
Florida escarpment (Paull  et aL, 19&) and methane seeps
at the Oregon (Kuhn et sL, 1986) and Japan (Juniper and
Sibue& 1987) subduction zones. Widespread sheU accu-
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mU1.3Ll(111S  are not forming today  on the c{~ntitlenr.al sloi}e
in the northwestern Gulf of Mexico (Davies et al., 19S9}.
f’etroleum seep-associated ~emblages  produce the only
significant localized shell accumulations in this area.

Preserved individuals present in fossil assemblages are
of three types (sensu Kidwell  et al.. 19S6): autochthonous,
parautochthonous,  and allochthonous. The proportion of
each type in an assemblage generally figures prominently
in discussions of the assemblage’s characteristics, although
the nomenclature may vary (Powell et al., 1989b:  Scott.
1970; Fagerstrom,  1964; Johnson, 1960). The term par-
autochthonous  typically applies to individuals no longer
in life position yet remaining within the habitat charac-
teristic of the species. AS such, assemblages with a domi-
nantly parautochthonous component are of at least two
distinctive types. One, usually above storm wave base, con-
tains shells predominately redistributed over a relatively
wide area by physical m- the other, uauaUy below storm
wave base, contains sheUs primarily redistributed over a
much smaUer area by biological means.

In the fimt case where physical processes are principally
responsible for shell distributional pattern% redistribution
can artd may frequently be regional in extant-throughout
a bay or over much of the inner continental shelf, for
example. Although possibly far from where they die, these
individuala remain within the species’ characteristic hab-
itat. A great bulk of recant continent shelf and bay as-
semblages contain individuala predominantly of th= type
(Powell et al., 1989b Cummins et al., 1986&  Davies et
al., 1989). In these asemblag~ physical rewor~ng  ~d
buriaI is the dominant process for shell accumulation and
preservation, although biotu.rbation  may be 10CSUY im-
portan~  Few shells accumulate on the sediment surface
because the rate of ~phonomic  10ss ia high and only deep
in fauna may remain in life position (-inset d-. lg~b).

A second and si@ficantly different ~ of assemblage
forms in low-energy environmettta  [following Brett end
Baird ( 19s6), we will define low-energy ss pe=is~nt  CSX-
rent velocities h low ta transport fine sand and well below
the velocity needed to move most sbeUa]. In these assem-
blages, those shells no longer in Ufe position have been
redistributed only 10CSUY, perhapa  during death (by pre-
dation) or through poetmortero  biological dtiben= Such
individuals not only remain within-habitat but, in facb
remain within the lode in which they lived. In thii sense,
the assemblage as a whole is autochthonoua  (Powell et al.,
1989 b). It represents a coUection of individuala which
lived together or succeeded one smother within the same
locale. If formed and buried rapidly enougiu  such aasem-
blagas may occur above storm wave haaa (Norrk,  1986),
but most extensive accumulations can only he formed be-
low storm wave base in low-energy environments. Most of
these assemblages are not restricted to infaunal  orgemiams.
therefore they require (biological) carbonate production
rates that exceed taphonomic  10SS rates at the sediment
surface. Only then a sheUa accumulate at the sediment
surface and be preserved.

Outer continental shelf/upper slope essembleg=  on soft
sediments are commonly encountered in the fossil record

(e.g.. Fursich.  19S4;  Jablonski  and Bottjer.  19s3;  Jabionski
et al.. 19$3; Norris, 1986). Most are composed of autoch -
thonous individuals or are mixtures of autochthonous  and
parautochthonous  individuals of local origin as just de-
scribed, but recent analogs have not been studied. Petro-
leum seeps represent an important recent analog where
shell beds are formed below storm wave base in a low-
energy environment and potentially preserved by gradual
burial. All individuals are of local origin, many are in life
position. Norris (1966) CSUed this type of assemblage a
community bed. Most would he mixed autochthonoua-par  -
autochthonous  asaemblag~  es defined by Kidwell et al.
(1986) and autihthonous TAZ (taphonomically-active
zone) accumulations as diacused by Powell et al ( 1989b).
They fall ou~ide  the purview of Johnson’s (1960) models
and are not “welf differentiated by Fegerstrom’s  (1964) or
Scott’s (1970) system. For simplicity, we will use the term
autochthonous  for these ahefl beds hereafter.

Autochthonous  assem-blages k low-energy environ-
ments are commonly characterized by a suite of taphonom -
ic parameters including the presence of articulated bi-
valves, preferred concave-up orientations for single valves
on the sediment surface, and more vertically oriented sheUs
at tmd below the surface (Kidwefl et al., 19t% Emery, 1968;
Clifton 1971; GnnneU, 197q compare Wikmq 1986 for a
deep water high energy alternative). As Emery (196S) and
Powell et al. (1989b) pointed out however, aU recent
studies of low-energy depmitional  settings were conducted
in areas potentially &acted by commercial fishing and
shelkiahittg  activities which may have reoriented sheUa,
particukly those on the sediment surface. Such is not the
we at petroleum seeps where water depth end  geographic
isolation ensure that sheU orientations result only from
natural processes. Here we briefly describe the biofacies
and geological setting of petroleum seeps on the I..auisiana
upper continental slope and then consider the onente-
tiomd characteristics of ahelfs in undisturbed autochtbo-
nous assemblages formed in low-energy environments.

METHODS

In 19s7 the research submersibles Johnaon-Sea-Lii and
Navy NR-I  were deployed in 550 to 75o m of water for
reconnaissance end pho~aphic  surveys in Green Canyon
(W) lease blocks 184,272 and 234 on the Louiaii upper
continental slops (Fig. 1). StiU and video photographic
su.meya of chemoautdrophlc  organisms associated with
petroleum seepage were utilized ta construct hiofaae3 maps.
Shell orientation, articulation and fragmentation were de-
termined on sheUa 3-cm long or larger by erselyzing twenty-
eight 35-mm photographs selected from these surveys. This
size class also represent the moat frequent size class used
elsewhere in the literature on death  assemblages (Powell
et al., 1989 b). Three terrains, slow=,  Wrrac=  ~d flat
plains, were distinguished (as described later). ~ SSCh
terrain, a series of sites was chosen along the video tran-
sec~ for data collection. We selection was determined by
shell abundance (z 10 3-cm or farger sheUa per camera
frame). In some cases, adjacent frames were examined as
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well [c, {Iii,csl[gale  clfxc.orcje:  i.arial]iii [y. As a cllcck i,!]
{ ilc accuracy O( plmhgraphic  analysis, samples \verc c(d -
Iected by submersitrle.tjperated  grab durl]lg the .lclliI~st,[l-
Sea.l.  ink dives and by box core a few nlonths later  US IIIU
:he  surface vessel lL/V  Gyre.  ‘rhe latter ~vere als~l used I(1
obuin shell orientational characteristics for the equivalent
size classes below tne sediment surface.

GEOLOGICAL SETTING

Hydrocarbon seepage is common in the Gulf of h!exico
( Behrens, 1988: Kennicutt  et al., 1988) and is controlled
primarily by fau[t systems created by salt diapirism (Mar-
tin and Case, 1975; Behrens,  1988).  The substra~ on the
Louisiana continental slope generally consists of 10 to 15
cm of dark gray flocculent terrigenous clay underlain by
firm clay. [n most areas, numerous burrows and mounds
indicate considerable bioturbation.  By contrast, in areas
of active petroleum seepage, w occurs thro~chout  the
sediment, the sediment smells strongly of hydrogen sul-
fide, liquid oil and gas (methane) hydrates are occasionally
observed, and the number of worm burrows and mounds
is markedly decreased, although bioturbation  by epifaunal
vesicomyid clams may be extensive (Rosman et al., 1987).
Hence, a reduction in infaunal  burrowing activity often
associa~d  with low oxygen environments (Bromley and
Ekdale, 1984; Savrda  and Bottjer,  1987) can also be pro-
duced at petroleum seeps without concomitantly low oxy-
gen in the overlying water ([02] ~ 3.0 -5.2 ml/1).

Authigenic carbonate is common at and below the sed-
iment-wat.4r interface at petroleum seeps (Roberts et al.,
1987; Behrens, 1988) and other methane seeps (e.g., the
Oregon subduction zone-Kulm  et al., 19W,  Rltger  et al,
1987; the North Sea-Hovla.rtd  and Somerville, 1985u
Hovland  et aL, 1987). At GC-l&, 272 and ~ carbonates
v-isi ble on the sediznent  surface form large blocks or ledges
10 to 40-cm thick and up to several meters across. Most
carbonate blocks were parallel to bedding but several blocks
were observed that dip as much as 4S

0. AS at the Florida
escarpment (Paull  and Neuman~  1987), d~lution  has
produced cavities and overhangs at the edges of many of
the horizontal arbona~ blocks. The authigenic  carbonate
formed below the sediment surface consists of aand to
gravel-sized grains and elongate irregular tubes and COl-
umns. Tubes and columns were present either aa discrete
Iithociasts  or partially cemented together with associated
shell debris. At GC-234  and 184, a discrete horizon of
partially-cemented authigenic  carbonate and shell debris
occurs IO m 20 cm below the sediment surface and, in
places, can extend down to at least 65 cm.

Local depressions (pockmarks) formed by gas expulsion
through the sea floor observed at North Sea sites by Hov-
land et aL (1987) were occasionally obsemxl  at the Lou-
isiana petroleum seeps. These features were much smaller
than the large crater reported by Prior et al. (1989) south-
east of our investigative area. Shell halos surrounded these
depressions and central shell lags produced by gas expul-
sion were observed. The infrequent obsewation  of pock-

miirks WWSIS LIM( ,IIIIY ii small percentage O( the eIILIrC
[]reservtd la(l[]:t was aticc[od l)>, I I]is }>roces<.

BIOFACIES I)ltSCllI1’’I’lOF!S .AND
Si’A”~l.AL I) IS”I.I{I[3U’I’IOX

Four ri!stinct  biofacies  are present at the petroleum seel>
sites dmninated  respectively by mussels. Iucinid clams.
vesicomyid  clams and tubeworms.  Orange and white bac-
terial mata occur sporadically in association with each tsiu-
facies. The clams and vestirnentiferans contain endosym-
biotic bacteria which ultimately derive energy from
hydrogen sulfide oxidation. Mussels, like those at the Fior -
ida escarpment and possibly the Oregon subduction zone,
contain endosymbiotic  bacteria which utilize methane as
an ener~ source (Childress  et al., 1986; Cavanaugh  et al.,
1987; Kulm et aL, 19S6).

The mussel biofacies, dominated by the methanotrophic
mytilid cf. Bathyrnodioks  sp. (Fig. 2A), occurs in areas of
high methane concentration usually associabsd with fresh
oil on or near the surface and brine seepage. Ges bubbles
were frequently observed rising from live mussel aggre-
gations and collected live mussels were often coated with
oil. Live mussels generally occurred in de- elongate
patches with distinct boundaries and were commonly sur-
rounded by or adjacent to smaller concentrations of dead
mussels.

The two clam biofacies, dominated respectively by the
vasicomyids Calyptogena  ponderosa and Vesicomya cor-
data (Fig. 2B-D) and the lucini~  Lucinoma atfuntis  and
Lucinoma  sp. (Pseudamildzn  sp. of Brooks et aL 1987 and
Powell et aL, 1989a), generally occurred farther away from
the influence of active seepage than the mussei biofacies.
Sediments were often impregnated with tar. The infaunal
Iucinids typically were associated with subsurface carbon-
ate lithification.  Dead Iucinids, although infrequently seen
on the sediment surface, were distributed in box cores to
a depth of at least 65 cm, ao the surface expression of the
Iucinid biofacias obtained from photographic surveys
probably representa an underestimate of i~ importance.
Moat of the epifaunal  vasicomyids, in contras~  were col-
lected in the top 5 cm of sediment- Whether thii restricted
distribution is due to recent colonifition  or a lower pres-
ervational  potential than the lucinida is unknown.

The tubeworns biofacies is dominated by veatinzentifer-
an tubeworms  Lamellibrachia  sp. and Escarpia sp. which
occur as individual tubes, single bushes, or dense thickets
of closely packed bushes. Limid bivalves (Acesta buffi.d
up ti 15 cm long were commonly attached to worm tubes
and white gorgonians up to 1 m across were occasionally
observed.

Each primary seep site is typically composed of a series
of not necessarily contiguous, autochthonous  beds domi -
nated,  usually, by only one type of biofacies. Mussels and
tubeworms often co-occur (e.g., GC-Mkt-Brooks  et al.,
1987; MacDonald et al., 1989), but neither normally co-
occur with lucinid or vesicomyid clams. Living mussels
were usually found at every mussel site, but living Iucinid
and vesicomyid clams were observed at only a fraction of
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I
Lhc siles \vhere dead Individuals were l{lund  “~hc dwc[jn-
ci[~uou<  distribution of shells and Lhe e$cn  more restricted
distribution of living organisms is also characteristic of
cold-water seeps at subduction zones (Si@et  et al.. 19SS:
okutani and Egawa.  19S51.  as well as most other death
assemblages (Fursich  and Flessa.  1987:  [>owell et al., 19s9b).

.At CC- 1S4, the seep sites occupy the top of a diapiric
knoll, Bush Hill (Brooks et al., 1987; MacDonald et al.,
1989), whereas at both CC-234  and GC-272, the individual
seep sites are distributed discontinuously along a linear
trend not necessarily associated with the surface topog-
raphy (Fig. IB, C). Some suspectMI  ancient seeps are char-
acterized by similar discontinuous, linear trends in shelly
carbonate (Howe, 1987; Beauchamp, 1988). The densest
concentration of organisms in GC-234 occurred on Beh-
rens’ ( 19S8) “central diapir ridge” on a broad plateau (Fig.
lC ). A large mussel bed, “Mussel Beach,” was present at
the southwestern end of the linear trend in GC-234. Lu-
cinid beds covered a Ride area north and east of the mussel
bed. Large tubeworm thickets with occasional small pock-
ets of mussels were observed at the oppoaita  northeastern
end of the same linear trend, as well as at GC-184.  At GC-
272, vesicomyid clam beds covered extensive areas. Smadl
mussel patches were widely auitterad  throughout the area.
Vestimentifeian  tubeworms were uncommon. Dense lu-
cinid beds were sampled by box core at GC-l&,  Bush Hill,
and CC-23-4 near Mussel Beach. Many lucinids were afao
collected in the subsurface at the vesicomyid  sites in GC-
272. The sreal extent of the !ucinid beds at these sites
remains pody  described.

The spatial distribution of shells in the clam and mussel
biofacim are distinctly diEerenti At GC-234,-Mussel Beach
musseI concentrations extended discontinuously over a 300
m long, 60 m wide area I.rdhidual  beds containing both
live and dead mussels were typically elongate, sinuous fea-
tures 20 b 200 CM uide and 2 to 5 m long that commonly
bifurcated or crossed other beds. Smaller patches of denae-
Iy-clustered  live mussels punctuated the discontinuous
distribution of dead mussels in the beds. Other mussel
beds in the Mussel Beach area occurred as irregularly-
shaped patches up to several meters across.. Again, smaller
patches of densely-clustered live mussels occurred within
the main shell bed.

Vesicomyids typically produced significant accumula-
tions only 1 to 5 cm deep, underhtin by ahell+mor mud.
Lucinid  beds, in contras~  often extended tens of centi-
meters deep (>65 cm at GC-234)  but the surface expres-
sion was leas conspicuous. Hence, in pure form, the vesi-
comyid bed is a two-dimensional Ienticular  accumulation
or shell pavement whereas the iucinid bad is a three-di-
mensional shell bed. Where they co-occurred (e.g., GC-
272 ), the veaicomjids  contributed most of the surface-
accumulated component to the threedimensional bed.
Lenticular  and more massive columnar shell accumula-

ti{)!ls  iire also dcw-riiwd fr[m] %~me ancient seqjs  [[;,?lllard
et al., 1985; Gaillard  and Rtslin.  1986).

The vesicrsmyid  beds in GC-LZZ?  have two distinct modes
of spatial distribution. The most common distnbutiot),  on
flaL areas and sloping areas, is a scattering of sheik over
the sediment surface (Fig. ?B). The density of clams is
generally lower thsn that of mussels but in places scattered
shells grade into a pavement of she{ls covering the entire
sediment surface (Fig. 2C). In contras~ densely packed,
elongate accumulations of dead vesicomyids are found on
small flat terraces 0.5 to 1 m wide at the base of broad 300-
45° slopes (Fig. 2D). The shells present the appearance of
having been moved downslope and collected there. The
slopes above contain sparse coocentratiozts of live and dead
clams.

The extent to which e-ediment degasaing eventa, slumps
and biological disturbance might contribute to downslope
transport is unknown, but normal bottom circulation is
certainly insufficient to move tbea-e shells (Sahl et al., 1987;
Snedden et al., 19&3 Helper et aL, 1988). In over 1500 hr
of submeraibie  observation osv several years in early to
late spring, summer and aerly fall, no bqttom current was
observed strong enough to produce any shell movement
or substantial “sediment resuspension. Ripple marks were
never observed and submersibk  tracks from previous years .
were readily identfied still intact in subsequent years.
Moreover, seep communities Id relatively sharp bound-
aries (over =50  m). Samplii by submersible confirmed
information obtained by camera transect that shells dis-
appeared rapidly at seep boundaries. No shells, not even
small individuals, were found abundantly ou=ide  the seep
sites. Accordingly, shell movement by currents is unlikely
and biological disturbance by epifaurtel organisms such as
crabs appears to be the only important mechanism redis-
tributing shells. Such redistribution is only important  lo-
cally within singie seep sites.

TAPHONOMY

Surficial  Acmmulatiom

The praaervationel  potential of the tuheworm biofacies
is low because moat of the dnmirsan t organisms, with the
exception of Acesta,  have no preservable berdp-.  Live
mussels grow prolifically and occur in dense concentra-
tions, but a low percentage of dead mussels wea observed.
Mussel shells are more adversely at%cted by dissolution
than clams many live mussels were cohcted  with deeply
dissolved utnbos and mussel shells are more easily broken
than clams. Samples collected outside live mussel beds
rarely yielded dead mussel shells  and never in any quan-
tity. Consequently the mussel biofacias ia probably poorly
preserved. In contrast, very few live clams were observed
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TABLE I —Taphonom{c condttlon  of mdwlduals  from photographic surveys and box cores. ROWS under each
Iocatlon  represent analysis  of consecutwe camera frames. Significance levels given  m the order breakage (B).
anlculatlon  (A), mchnation  (1), concawtv (C), refer to chi-square  comparisons ([r = 0.05) between adlacent  samples
wlth!n  a gwen  location: - not significant. Letter (B. A. 1, or C) significant. Data are the number of mdwiduals  (single
or articulated valves) observed.

ConcaviLy

Significance .ArticulaLion [inclination
Breakage Con- COn-

(chi-square, Single Valves Hori- cave- cave -
SiLe Terrain a = 0.05) Broken Whole valve together zontsl inclined Vertical UP down

Clams. mostly vesicomyid (ail GC-272)
3 slope ( - - - - )

6 slope (B___)

7 flat (B-_-)

6 flat (BA-C)

10 slope ( - - - - )

11 terrace (B-—)

16 (_A--)

Mussels (GC-272)
11 terrace ( - - c )

Ciams,  mostly vesicomyid  (all GC-272)
~ terrace
5 flat
9 slope

13
14
15

hlussels (GC-272)
10 slope

CC-272

GC-184

. . . .Varlatlrm  In adJacent  samples trom a site

o
0

11

0
7
0
0
0
9
0
0

15
0
0
0
0
0

0
0
0

1
0
0
0
0
2

0

6
8
0
1

21
3

.s5 .55 0
80 80 0
34 33
31 31 b
21 2 0
48 48 0
53 47 6
28 20 8
40 40 0
24 24 0
11 11 0
14 14 0

7 7 0
27 27 0
27 23 4
33 21 12
62 57 5

14 14 0
48 47 1

9 9 1

Non-replicated aitea

24 24 0
92 107 14
36 36 0
22 22 0
22 22 0
18 18 0

81 81 0
Clams (from Ixrx cores)
19 15 6
17 10 7

2 2 0
7 5 2

48 20 28
3 3 0

55
80
44
31
28
48
51
25
46
23

;:
7

24
27
33
61

13
38
9

25
122
36
21
22
25

66

22
2s

2
4

33
2

0
0
0
0
0
0
0

:
1
0
3
0
3
0
0
1

0
9
0

0
4
0
0
0
0

0

2
0
0
0

13
3

0
0
1
0
0
0
2
2
0
0
0
0
0
0
0
0
0

1

:

0
4
0
1
0
0

15

1
0
0
4

22
0

23
30
19
15
12
28
37

7
22
12

5
10

5
13

9
13
31

9
24

1

6
66
12
16
11

6

44

14
6
0
3

15
3

32
50
25
16
16
20
14
13
27
12

6
19
2

14
15

;
.

A
8

19
54
24

5
11
14

22

6
12
2
0
9
2

on or under the sediment surface but there were abundant are likeiy to be well preserved. Hence we concentrate our
dead clams present over wide areas. Samples taken in areas taphonomic  analyses on the characteristic of clam beds.
wiLh no living lucinids or veaicornyids  frequently yielded Concavity (concave-up vs. concavedowrt),  fragmenta-
shells of both typea in abundance. The two clam biofacies tion (as defined by Powell et al., 1989b),  articulation
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.TA8LE 2—Results of Chi-square  comparisons within and between terrains and between mussels and clams. For
clams only. under categories for variation within and 13etween  terrains only (-), parentheses ind!cate  sigmficant
chi-square  results that failed the more restricted nested ANOVA (P > 0.05) because  most variation  could be
explained by differences in adjamnt SampleS.  Mussels were flOt tested us]ng  nestw ANOVA.

Breakage Articulation inclination Ccmcavity

variation \viLhin terra,ns (clams” ordy)
Terrace
Flat area
Slope

variation between terrains
Clams-
hfussels

Variation between clams and mussels
Terrace
slope
Total

Variation between sufici~ mostly vesicomyid (from pho-
@graphic survey) and subsurface, mostly Iucinid  (from
box core) chrns

Variation between Iucinids restricted ta the rrearaur-
face (from box cores at GC-Z72)  end surficial veaico-
myids (from photographic survey)

Variation between Iucinids restricted to the naaraur.
face (from box cores at GC-272) and lucinids from
deeper. more massive bsds (from box cores at GC-IM)

Variation between surface (from photographic survey),
shallow subawface at GC-272 (from box core) end
more massive beds at GG 18-4  (from box core), diaar-
ticulated shells only

(P= 0.03)
(P= 0.02)
(P<o.0001)

(P c O.00011
P >0.05

P <0.0001
P >0.05
p <0.004

P <0.0001

P <0.0001

P >0.05

p >0.05
(P c O.0001)
p >0.05

(P < O.0001)
P >0.05

P >0.05
P >0.05
p < O.oz

P c O.0001

P <0.0001

P = 0.03

P >0.05
P = 0.004
P >0.05

(P < O.0001)
P <0.0001

P >0.05
I+ <0.0001
P <0.0001

P <0.0001

P = 0.002

P c O.OCO1

P < O.OCQI

P >0.05
P >0.05
P >0.05

(P= 0.009)
P = 0.04

P >0.05
P c O.0001
P = 0.02

P >0.05

P >0.05

P >0.05

(single vs. articulated valves), and inclination (horizontal,
mchned,  vertmsl) were recorded for three terrains: tlat
amss (slope less than llY), slopes (slope 1~-45°), and ter-
races (0.5 to 1 m wide arMS running parallel to slope cen-
taurs).  Where possible, we examined three scaIea of vari-
ation 1) between adjacent sampl~ 2) witbin terrains, and
3) betyeen  terrains. C-onstraints with obtairsii data from
photographs certainly aEacted these analyses. Compara-
tive use of these data in paleontology shotsid take into
account that whole shells were more easily seen than frag-
ments and that live end dead articulated individuals were
not always easily distinguished. Ground-truth collections
on the photographic tmrssacts confimed  the rarity of live
clans, so that articulation frequencies are accurate for
clams. Live muaee~ were common, hence articulation fre-
quencies are suspect for this species.

Clam (mostly vesicomyid) end mussel shells on the sed-
iment  surface were normally whole single valves, oriented
horizontally. Mussel shells were more likely to ha inclined
or vertical in orientation.(18% vs. 3% of clamshells). Clam
fragmenti  were more cwmmon  than mussel fragmen~  and
mussel shells tended to be cmcave-up  whereas clams tende-

d to be evenly split between concave-up and concave-
down (neither was significantly diHerent  from a 1:1 ratio,
however) (Tables 1, 2). Moat of these differences could be
attributed to the poorer presemation  of mussels. Most
intact mussels were probabiy  recently desd.  Hence the
original orientation (vertical to inclined) was preserved
more frequently. Fewer recognizable fragments indicated
that taphonomic  processes rapidly reduce shell sixe below
the resolution of our photographic analysis.

The distribution of living organisms probably changes
frequently because the distribution of ttau-surface  petro-
leum seepage is temporally variable (see also Juniper end
SibueL 1987). Hence the living organisms are rarely dis-
tributed equivalently with the dead shells. Spatial time
averaging occurs when noncontemporaneous  individuals
are added to the death assemblage at many locations in
the same stratigraphic horixon (Powell et al., 1989b) and
could result in spatially-variable taphonomic  character-
istics in areas otherwise .-@valent in environmental char-
acter. The spatial scale of this variability may be impor-
tan~

Paired samples from our study areas, essentially con-
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secutive mera frames, dtiered signMcsntly  in shell in-
clination no more frequently than expected by chance (Ta-
ble 1) (chi-sqw.re  follow.d by a binomial ta.et.j Q = 0.05).
The number of fragmenta  &tiered  significantly in four of
eight paired frames (chi-aquar% a = 0.05) and shall con-
-vity end articulation in two of eight paired frames, in-
dicating substantially graiter local viability. A series of
sites was compared in each of the three terrains, slopes,
terraces, and flat ere-ss @ii.  3A-D). Although &i-square
indicated a number of significant dtierencea between aitea,
a nested ANOVA demonstrated that this variabtlty was
not signitiamtly  gre-s- than the local variability (camera
frame w camera  frame) present in the data (Table 2). The
same result accrue5 from an examination of the variation
Ixtween  terrains. Variation befxveen terrains was not aig-
nificantiy  greater than the ioml variabiLi@ within each site.
Clam valves, for example, were mostly whole on both flat
areas end siopes, but more fragmented clam valves were

found on terraces (Eli. 3B). A higher degree of fragmen-
tation on terraces could result from downalopa  transport
of physical or biological O* but adjacent ramera frames
were just as variable, w variation in the frequenq of frag-
men~tion  between terrains could not be judged aigrdi-
canL

Four (sites 2,3,9, 13) of thirtwn sites for clams and one
(site 10) of two for smasels  had concavity ratios sigdi-
cant.ly different from 1:1 (chi-square, a = 0.05) (Table 1).
In three cases, the number of concavedown valves pre-
dominated. In two cases, concave-up valvea were most
common. Slightly more concave-up valves (527 70) were
observed in the flat terrain, but this d~tribution  was not
significantly dfierent  from 1:1 (Fig. 3C). The Percen%e
of concave-up valves dexxeased significantly in both the
slope (41.3 %. ) and terrace terrains  (~6Y0 ) (chi-~uare~  ~
= 0.05). Mussel concavity showed the same decreasing
trend in concave-up percentages from alopea where the
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ratio was significantly diflcrent from 1:1 {66.7%) to ter.
races where it was not (49.3%) (Fig. 3D) but the changes
in mussel concavity were more dramatic. Because local
variability  was so high, the increase in the percentage of
concave-down valves on slopes and terrac=  could be pro-
duced by the chanciness associated with sampfing, but the
same trend would be expected if downslope  transport im-
parts  a preferred orientation of concavedown.  In any case,
the relationship of preferred concave-up valves in low en-
ergy environments (Emery, 1968; Brett and Baird, 1986;
Powell et al., 1989b) was not observed in any terrain,
indicating that low energy environments need not always
be characterized by a predominance of concave-up valves.
[n some cases, concave-down valves may be equally as
common.

Overall, then, shell accumulations present on the sedi-
ment surface were characterized by spatial variability in
their taphonomic  attributes. The predominant acale of this
variability was on the order of one camera frame, a scale
of centimeters rather than meters or mor~

Subsurface Accumulations

Box cores were necessary to examine the orientation of
sheUs below the sediment suxface, but photographic sur-
veys permitted a much more intensive analysis of surface
shells and avoided the possibility of reoriantition  of sur-
face sheUs during samplii. Canaequently,  we compare the
dats obtained by box core with that obtained by photo-
graphic survey. Although box cora could not he collected
at the same time as the photographic survey was con-
ducted, observation by submersible does not indicate any
reason why subsurface/surface shelf orientations should
not have been conservative over the time scale of sampling
(several months) and the nearaurface data obtied by box
core at GC-272  are internaUy consistent with the trend
fitabliahed  between the photographic surveys of surtlcial
accumulations and the box core data for deep shell beds
obtained at GC-M4,  as discussed later.

Sites at GC-184, 234, and 272, including the veaicomyid-
dominated sites at GC-272, were sampled by box core.
Vesicomyida were generaUy reatrictecl  to tbe upper 5 cm
of sediment At GC-272, where the underlying sediment
w-as heavily impregnated with tax, the lucinid  component
was restricted to the upper s cm of the sediment column,
but lucinid shells were rarely found on the surface. At the
lucinid beds in GC-184 and 234, lucinida extended to much
deeper deptha in the aedimen~

Overall, the infaunaf (mostly lucinid clasnaj by b6x core)
and epifaunal  (mostly veaicomyid clams, by photographic
survey) assemblages differed significantly in moat reapecta
(Table 2). The fraction of vertical or inched  shells W=
significantly higher in subsurface beda (34.5% VS. 3.2%),
although the fraction of concave-up shek did not differ
s igmific.mtly.  Fragmenta  were much more common (but
this may be a sampling artifac~  fragments were easier to
see in box cores). Articulated sheUs were much more abun-
dant (43.9% vs. 4.696 ). Like the veaicomyiddominated
surface, the ratio of concave-up h concavedown  sheUs in

the Iucinid-dominated  subsurface did not ditTer signifi-
cantly from 1:1 (chi-square,  {r = 0.05).

Subsurface data from box cores indicates that infaunal,
lucinid-dominated sites differed significantly among them-
selves in inclination (P < O.OQOI  )-one of three sites where
the number of individual exceeded 20 had many more
inclined and vertical sheUs. The subsurface samples also
differed sie~ificantly in concavity (P = 0.06-concave-down
shells predominated at one site), but not in breakage fre-
quency or articulation frequency (Tahle 2). Even at GC-
272, where the shells were restricted ti the O to 5 cm
stratum, individual samples differed significantly in con-
cavity (P = 0.02) and inclination (P = 0.001). Hence, like
the surface (photographic) samples, subsurface samples
differed substantially site to site.

A comparison between the vesicomyiddominated  as-
semblages obtiined from photographic survey and the lu-
cinid-dominat.ed  assemblages obtained from box cores at
GC-272, where alf sheUs were  restricted to the O to 5 cm
stratum, demonatra@s that surface and subsurface sheUa
differed considerably in condition and orientation even at
this narrow scale. Incfined or vertical sheUs, articulated
sheUa and fragmenta were more common below the surface
in the O to 5 cm stxatum  than directly on the surface (F%.
4A-D). Although the lswge si~-to-site variation observed
in both the photographic sumeys  and box cores precludes
an unambiguous statistical comparison, few photographic
samples contained as many inched or articulated shefls.
Veaicomyids  at petroleum seeps generaUy live umbo up,
at a slight angle to the horizontal (Roaman  et al., 1987)
[vs. the vertical orientation of Calyptogena  soyoae (Oku-
tani and Egaw~ 1985)]. The single living Lucirmma at-
farttis  collected was positioned vertically. The collectio%
by box core, of individuals that died in place probably
explains the differences between the surface and subsur-
face assemblages.

The deeper, more massive lucinid beds at GC-M4 dif-
fered even more from the surface, photographic sur+eya.
Inclined or vertical sheUs and articulated sheUs were even
more common than in the O to 5 cm stratum at GC-27Z
despite both assemblages being lutild dominati (Table
2). Tlze collection of more individuals thet died in place
could again explain these differences. Lf so, then d_ic-
ulated shells should be inclined or verticaf no more fre-
quently below the surface than on the surface. This was
not the ~; subsurface diaarticulated sheUs were more
frequently inclined or vertical (Chi-*Uare,  P < O.WO1),
just as were the articulate shells. IXaarticulated  sheUs
certainly had been disturbed during or after death. Bio-
turbation  is thought to increase the inclination of sheUa
(Salazar-Jimenez  et al., 1982), bu~ except for the clams
themselves, bioturbating  infauna are rare at petroleum
seeps. Perhaps, the activity of living, vertically-oriented
bivalves gradually reorienta subsurface sheUs. Subsurface
space for new living indk-iduala  is certainly a lited com-
modity in most of these lucinid beds.

Overall, the subsurface lucinid-dominated  samples com-
prised a mixture of individuafx that died below the surface
and those that died at the surface. The differences between
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these end the surficiai  vesicomyiddominated samples ob-
served photographically originates in 1) a greater fraction
of shells in life position in the lucinid beds and 2) the
differing impacts of a) infaunal bivaivea on the disposition
of subsurface shells and b) predators and other biological
agents on the disposition of shells at the sediment surface.
In the extreme comparison between the aur6ciai  vesico-
myids and the deeper, more massive lucinid beds at GG
184,  55%% of the lucinid bed fauna was inclined or vertically
oriented or articulated and probably in life pesition.
whereas less than 570 of the vesicomyida were in equivalent
condition. Only 4.6% were articulated for instance.

CONCLUSIONS

Petroleum seep deposits are paieoecologically  important
because they are the only known setting in the Gulf of
Mexico continental shelf and slope where autzxhthonous
shell beds are formed. Four biofacies are common at pe-
troleum seeps, dominated respectively by veaicomyid clams,

lucinid clams, mussels, and tubeworms  The two clam bio-
facies have the highest preservations potential. They
probably represent the extrem= in the types of autnch-
tbonous  beds currently forming on the low-energy conti-
nental slope. The vesicomyida  at W-272  produce a bxo-
dimensional shell pavement that is underlain in some exesa
by a narrow band of subsurface Iucini&  whereas the Iu-
cinid beds at GC-164 and 234 are thicker, more massive
sheii beds. The two differ significantly in many taphonomic
attributes including sheli articulation and inclination. The
thicker iucinid-dominated  beds contain many articulated
she~ and many shells that are oriented vertically or in-
ciined rather than horizonti In contrss~  surface shell
lenses have few articulated shells. Most sheiis were hori-
ionti.  Whether the sheil bed was formed predominantly
by surface or subsurface accumulation could be estimated
from the fraction of articulated and inclined or vertical
shells. Spatial time averaging was probably imporknt in
both typea of assemblages. Few live tmimaia were observed,
hence ail shells were probabiy not contemporaneous at



HYDROCARBON SEEP COMMUNITIES 13

stratigraphicaliy  .ecruivalent levels. The area]  extent  of the
seep s-ites, as preser”vecl,  far exceeds the areal  extent  of the
living  communities present at any one time.

Site-b-site variability was the general rule; that is, taph-
onomic  parameters difTered significantly within topo-
graphically and sediment.dogically equivalent areas, both
on the surface and in the subsurface, and even in imme.
diately  adjacent samples. Local variability in taphonomic
characteristics may be a genera[ feature of autochthonous,
spatiaUy time-averaged assemblages (see also Fiirsich, 19&;
Brookfield  and Brett, 198S). Site-to-site variability sug-
ges~  the requirement of using many stratigraphically  -
equivalent sample-s in any taphofaciee analysis.

Petroleum seep assemblages are probably typical of au-
tochthonous  assemblages forming its low-energy environ-
me nts below storm  wave base, The characteristics of seep
assemblages demonstrate the following which may be gen-
erally true. I) The disposition of sheffa on the sediment
surface may differ significantly even from shells immedi-
ately (a few cm) below them within the sedimenti  The
characteristi~  of the foaail assemblage vdl depend upon
whether surficia,l or subsurface accumulation predominat-
ed. 2) &ticulated  shelf.s need not be common in autoch-
thonous assemblages. To the exterit that shefl accumula-
tion occurs on the sedment surface rather than within the
sedimen~  articulate shells may, in facL be rare.’ 3) Aa-
semblagea dominated by concave-up ahella are not typical
for low-energy environments, even where horizontally-on-
ent-ed shells domina~ the assemblage A concavity ratio
of 1: I was the rule, trending, in f- tmvard dominance
by concave-down valves. Dominance of concave-up shells
in surticial  accumulations in shallow water, observed in
studies of modern death assemblage, might be artifacts
of man’s fishing activities. It is essential in studying recent
death assemblages m absolutely exclude the impact of
man’s activities on death assemblage composition before
appropriate comparisons to the fasail record can be made.
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‘ * emblsge st G~den BaDks lenss  block 425. domirrmed  by the
I.cinid Thyasira  oIeophifo  Claxke  1969, consists solely of articulated
shel!s  in life PrA.ion (our unp~bl data).  Accordingly, ticulation
frequencies range from <5% to - 100% depending upon the candi.
tiou. of accumdstion.
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~ filctlla[lotro~>llic  Marine Molluscan  ( Riwivia,
M:Tilidae)  Symbiosis: Mussels Fuckd by Gas
j.\.MEs  J CI{II.DRESS,  C. 1{. i:lSli EK. J. ~,i. 13 ROOKS,
\i. C ~Ex XICulT  Ii. 1{. [i[D[G.4iLE.  ~. ~. .+ NDERSON
.— -

An undcscribcd musseI  (family Mytilidae), which lives in c.hc vicinity of hydrocarbon
seeps in chc Gulf of Afcxico, consumes methane (the principal component of narural
gas) JC a high rate. The methane consumption is limited co the giUs of these animJls
and is apparcntl~ due co the abundant intracellular bacteria found dscrc. This
dcmonscrams  a methane-based symbiosis bcnveen an animal and iritracclluiar bacteria.
hicrh3nc  consumption is dcpendcrsr  on rhc availability of oxygen and is inhibircd  by
accnlcne.  The consumption ofmcrhanc  by these mussels is associated with a dramatic
increase in oxygen consumption and carbon dioxide prcxiuction. A the methane
consumption of the bivalve can cxcced its carbon clioxidc production, the symbiosis
may bc ab[c to cncircly sarisfi its carbon needs from  methane uptake. The vcsy light
@“c = -5 I to -57 pcr roil) stable carbon isotope ratios found in this animal supporr
methane (61JC = -45 per mil at this site) as the prisnaq  carbon source for both the
mussels and their sys-nbionts.

B .+CTEKL4L  EXDOSYMB1O?WS USING
rcduccd sulfur compounds as energy
sources and fising CO: by means of

the Cal~in-Benson cycle have been implicat-
ed as rhc major source of prima~ produc-
tion around the deep-sea hydrothermal
vcncs (1-3). These bacrcria arc. found in the
gills of chc clams and within tic trunk of the
!tsr]mcnrjfcrm m&woms  *ar Iivc near d2c
\,cnc.. Since chc inirial discove~  such qmi-
bioses have been found in a vancry ofothcr
czya (2, 4) as well as a vari~  of other
habitats (5-7) characccrizcd by the availabil-
im of both rcduccd sulfur compounds and
0:. Shortly after the initial discovery o f
these s?mbioses,  investigators began look-
ing for s!lnbioscs  based on oticr  rtduccd
compounds found in some of chcse ersvisun-
menu. f!’c present here ci,idencc of a merh-
arrc-based symbiosis bawcn an animal and
intracc{lular bacrcria. Methane is the princi-
pal compmenr  of narural gas.

C1-tildrcss cr A. have shown C& con-
sumption by the bacrcria-containing  rissuc
of thC VCC2C tutJcWOC222  R@ _t’du  (8),
but rhc it-mm animal dccs nor rake Up C&
(9). Other rcscarchcrs  have sugggcd  on chc
basis of che internal membranes seen in
some pogonophocan and mussel qmbtoncs
that some symbioses consume CH. (2, 10);
hoyvcr,  there has been no dcmcmsuarion
of CM uptake by rhcse symbii. On the
basii of shcir observations of unusually light
snble carbon isoropc mx Kulcn a al.
have auggcsccd that che clams and worms  of
the Oregon subduction zone consume CI-L
(11). Howmer. rhc abscncc of arty suppnm
ing data on the Oregon organism ti ~c
faa that the same speacs found elsmkrc
have Suh%r-based  symbioses (2) make this
s%~n high!  s_laci~e at bCSC.  ACP  ss
af. have also failed co demonstrate signifi-
anr CFL uptake in the vent dam Cu@ta-

,qsnss myps$ca ( z2). lhss, the results dc-

Tabk 1 G* sxturgc  mrrs irr nssue pkcs km ti mtxsck afan undcaxibcd  + hrn  a I@mra&n Sapof
Lamswra.  Tk  OSSUC pKCIS  w-em U-KULMW6 in 20-nrl glass nq in mmrbranmfkcscd (0.45 ims) =*. Tbs
-II.& mms2s were  measured in a fit+-ing mum of U-ACCS. N gases uwrc anahzcd @ gas dUWTUSO@X#N,  (9). All
mrzwrcrncmr  ncre  ma& at 7,X.  Gill pnucin  casrcnt  averzgd  153%  d wcr =* by dsc  bu~  mrrhod  U+
tmmc  m zlburmn  u a srmdard.  Numbers in parur~  arc 6K 95% -cono&xr  inrcn+.

CinAnons ?%JT “72s%% Gas cschmge m=  {wml/g  .m .* per hour)
Tksuc n

tical co, q cm
krobu
.Acrohii.

G-L
.Aerobz

CH..
~<cn kw

H,TXK.
CH,

Aerob,c.
CH.

AuvbK.cm
AmOhK

kmhc.
CH.

GJI
Gill

GIU

GIli

Fe-n

,Jlan:k

\\%de
animal

\\-hOJc
m,rnal

6
10

3

4

1

2

2

5%200
90-20U

100-210

5-30

130-200

140-200

120-200

50-150

+1.*:0.3S)
44-190 +2.09(  :0.38)

38-169 + 1!36(=0.20)

200-435 + I .05( =0.471

110-207 +0.45. +0.94

84-226 +0.63. +0.38

+0.40. +0.34

20-205 +0.50, +037

- 1.35( =0.39)
-2.1 O(ZO.22) -1.36(:0.23)

-1.33(:0.43) -0.10(=0.11)

-O. 15( :0.081 -0.17( =0..23)

-0.%. -0.43 +0.05.  -0.11

-0.54.-0..53 -0.14. +0.07

-0.29.-0.24

-1.19.-1.20 -0.74.-0.90

I K!4

srll.<.t!  1:1 rll I. rcI>,)n  U<.r,.  IIIIC\lW,tC.,l  I“}IL.
\ i,~ tlr.: :l)L’.l.lI W’111<11T. Jlld .1![ WliWL.\ll<ll  T
,):K.. 11.1! . . .luI!! SI rh.IT :Ik..c n]tr,. cl,  ,<>,  ).

.i, ?l, (: Ii. 3[ .1 h,gl, ,.,, < irl,{) l.. J,,,,, )al

cyi~rlnwnts IIJ, c mm b<YII  CCNI<iUCI<.,.i  0,1
Ill J)’. llldJ\l!-iUJj I)m.cl$ In Jdd]rlon, 2s
cclur.uc c\pcrlnwtlrs  h.l\ e hcrn c~rncd  our
nn cx(I<ed  :111 tissue f r o m  c]ghr didcrcnr
mdlvldu~l  muwk  In cacn cax ~vllcrc 02
N’.LS nor ilnlltlll~ .Imj no ,Ilhlblrnr N.u ~q
uw.j, t h e  r~rt {II CH, mnsumpcmn ivas
hqh. gtmcrdlr ~ppmxhmg tiar of 0: con-
sumpnon.

The mussels used ill dm study (13) Iverc
collccred in mvo rraIvls near hydrocarbon
seep sires on the I_ouisima dope of  tie Gulf
o f  Mcxtco  (6) (2741 ‘X. 91’32’M’)  ac boc-
c o m  dcpchs of 600 co 700 m. The same

o-awls ajyJ  rrm-i~.cd vestimenrifcran cube.
won-m  ( J.f ) and pqormphorans.  Immcdi-
accly aficr capcurc. the blood gas comcms of
smcn vesricncnt i(crans. ~vhich were collcetcd
in a clump ac chc first site. were analyzed bv
gas chromatography (9). Five of rhesc an;-
mds comaincd  H2S ( 113.42 and 27 WKIU
Iicer and rtvo \Vidr trace amounts), three
comaincd CH, ( 142 and ~ 10 wnobliccr
and onc \vith a cracc amount), and two
contained CO (24 and 16 w-M&).  Thus,
this appca-s co be a habirac wish ~ as well
x sulfide available at high concentmrions.
As coctfmnatiom  a piston core taken along
s h e  cnwl crack (2 T’40.5”X, 9(P31.6’W)
showed \isiblc oil staining and H2S. Mah-
ane concarmacions in rhc stdmts can be
vcm high since gas h~draccs  are presarr in
ds~ region (15).

Our initial mcasurcmasrs of Q and CFL
consumption by wtsolc mussels shod cx-
maordinarily  rapid races of initial CM and
OZ consumption, making  expcrimenation
difficulc. Thcrcforq  w-c focused our cforcs at
sea on studying the merabohsm  ofgiil pieces
(Fig.  1,.% B. and C and Table 1). The giUs
\vcrc rapidly dissecccd free of the animals,
rinsed in 0.45 -Wm membrane-filtered sea-
water (AiF.Slf’),  cuc into 0.4 to O.S-g
picccs. and kcpc at 7.5°C in MFSW until
used. The gills’ cili~ acd~im continued for
more than 12 hours after d“issccrion  under
these conditions; however. we compicted all
expcrimcctts tVithin  7 hours. The scparaccd
picccs of gill were incubated at 7.5*C in 20-
rd.gl= ~ringcs c-losed NTdr plastic wives.
_tl-ic syringes ~~crc filled IVith MFSW ~ac
had been pac%all~ decarbonaced (total [ml]
=600 ~molfliccr), adjusted co pff 8.3. and
equilibrarcd \virh appropriate gasca. [mMc.

f. I ChIldms.  C. R. FishCr. .4. 2Z .4ndcmcm  Ckcanic
Bdc-gy  Group. Marine Socnce  Imsxu%  d Dcpm.
mcnr  of Bmtoycal  Mrncc. LIu\rmin’  of” California
Sam Bfiar> C.\ 93106
]. ,\l. B~, M. C Krnmcun  II. R. B*xc.
mcm of Oicmograph!.  TCMS A&\l L%ivemcy. %
Smmn. TX ;7843.
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.ucd w Irll :11.-  111;11  IIk.:.lt,kdt.  rJ:..  .III%..

L+. !II$I II:: tik tIktilu: 1(111  n~..JI.1  I’ .[( r...! [IK
I>rl;lll.Li r.l[c. ]]1<  r.11..  ;.r...tlcjcj III  “] .Jt~l. 1

Jrt. ILI.L.,! <II: rlx .), L?.,;. r.llc. (n cr :11< !ir.r
nub ..lllli}llll~  l!ll( 11.11.  a :11.ir 2.. !11.. tir. r
tilm’  .1[1.11!  w..) Ctll!rr[d  ..1111}11!11:.  dtvll[ln.
srrm~i  rh.u [II( s<..l~{  .Itcr mcdlum d]os( CJ [N)
slylllic~!lt  Lcttt.uI1llvtcm (It” Cti. <Ir <)rlwr
gkw>  31ki fh.u rhc cunsunll~rKm  rJ1c>  u c.rc
imiym!ic.  mt dkvl rhc :Iils  ucrc rcnuu cd
Ittcr 2 lloLirs A rlw mcub.m<m u M, omtln.
urd wid] dlc swlw  ~~Jrcr. AlcJwrcnlcms
w e r e  also nm.ic ml gill pwccs from P.icwdo-
milrhrl Sp. . l’csicomm cordnrn.  Solcrltpm rwdi.
Jnd C@proycxa  chmynm.  as wcil  3s on m_s-
phosomc prcpwa~ions frorm mvo  vcsrmwsln-
fcran nstmvomw [Lmndlilmashm”  sp. and an
unidcnrificd  testitncnrifcran belonging co
an undcsuibcd  genus (14)]. All of chcsc
spccics  IUVC either been dcmonsmaccd  to
Iur&r  symbioric  sulfur-btscd chcmoauto-
mophic bacrcria or to have CIOSC rclatircs for
which this mode of Iifc has beat dcmon-
sxratcd  (2, 4). Airhough all of chcsc OCh.X
prcpsaions from s}mbiont-containing cis-
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F,g. 1. (2)  Ch~gCS  in C1-Lconccnc2a&xs  inaz~
rrd ~tingc duriig tie incuba&rs  of a @ccc of
mussel flesh in mcmbranc4ikrcd (0.45 m) SCX-
marer,  Tw’o mdhhtcrs  was wirhdrawn  at b tiIIW
pcnai and 0.S ml ,{,as  an+ud  ~ gas chroma-
tography  ( 9). + , ,MUSS4  gill (0.445 g) unda
2crob1c  conditions  ltids CM prcrcnc 9. md
@J {0.%2 g) h!psic  in prcscncc of Cl&: A,
mussel pll  (O 418 g) under acmbic  condiciott$
,, mh  CH4 and  38 wlrlkcr  accrykrsc  -c; Cl.
mussel foot (0.667 g) ursdcr  acrobk  SOSSdiIioI’U
nvdr  CH..  (b) Changes in Oz conccmndort
under same conditions as (a). Sansc  symtuk as in
(a)  u’irh  tic  addition  of x. mussel gill (0.436 g)
aerobic wuh  no Cfi.  (c) CJsangcs  in CO:  con-
ccmrar!on  un&r same conditions z. in (b) widr
rhc  same s}mbols.
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and COz produ;ion.  none ~ho~vcd s&nifi-
cam Cm consumption. supporting the con-
rtion rhac CH. consumpnon  is mm-ring
widin rhc seep mussel  gills and is not duc to
cossraminaring  bacrcria or an unknown arri.
face. Figure 1 show  the conccnrracion
changes obscmcd in chc s!tingcs during
cx@ncms  with tissues from chc seep mus-
sel and shows chc rypicai range of conditions
used and analytical precision achicwd- This
6gsarc is  nor dirccrl~ convcrnblc  co rarcs
bccausc chc vohsmcs in tic ~tingcs changed
afscr each atralysis.

Tabic 1 and Fig. 1 show significam con-
sunspdon of CM  by the mussel gills in chc
prcscncc of OZ. The rates of 0: consump-
rias and COz production arc afso signifi-
cancfy elcvamd (Mann.k%lmcy  U  rq
P = 0.01 for COZ and 0.01> P >0.005
fm Oz) when CI-L is being consumed.
llbcsc dasa idarc that CI% is being oxi-
dized by 0S buz that much of shc carbon is
also being rccaincd within tic ocgmis~
presumably as organic carbn.  The observed
C&consumption is aboliihcd by low 01 or
@ acctylcm (20 to 40 pmoUIircr),  as is
?+ o f  mtiomophic bacmria ( ) 6 ) .
Ncidscr foot nor marttic rissuc of the mw
SCLS show significant consumption of CI%,
icdiacing char it is limited to chc bactcria-
containing gills of rhc mud and is not
cassscd by bacrcria iiving on rhc surface of
dsc muss-et tissues.

[n whole animal cxpcrimcncs  (Tabic 1),
individuals were placed in chunbcrs  in a
running smcam  of Iihcrcd (0.2 Pm).  uhravi-
okr-srcrili~d, anribiocic-treated (penicillin
G and  scrcptom~cin  sulfacc at conccnwa-

F%.  2. (a) Ekcoon~ofzczoss_
darough  a musxl  gill 61amcnt.  Cmd ~~~
cye is flanked by an inr- cell wish rnicro~illi
on she  km and an imcrcalary cdl ad bammoqte
CI’rttsc  right.  somcofrhc?mbti  bxxssiaars
indlcarcd  by arrow: M nrsckus  0(  ~~cj
m nuck of imcsulan  cdl [ x 25S0). Scak bar.
2 +un.  (b] Ekctron  mjsrograph  of a bxrerium
wirhin  a mud gill cell.  Stacked * --
branca  arc typical of type I snmhomoptu
( .38.2S0]. Scak  bar. 0.2 IUSS

s@PORTS  1 ?O-



Tlw gtll rIss1,c. t~t’ three muswk ut’ this
spccics IuJ cxtxm Iuxopc rjn{~s (51’C)  O!”
–51. s. -51.6. 311d -52.  I pcr mjl. A fh~
mmtlm (l!” rllc s.mw musscis 1A ~’ ‘C ~.dl:c~
ot” -57 3. -52,1.  3[1d -52.3 pcr rml, rc.
s~crl~ <IV .sudl Cirrcmcly  [igtlr  numbcr~
scpxatc the seep mussel.s from the orhcr
(appwxrrlv  sultur.hascd)  animal bacrcnd
s! ’mhoscs around rhcsc seeps, \vhIcb have
6’ ‘C values bcruwcn  -27 and -35 pcr mii
(6) Smcc. x md,carcd above. rhc ocher
symbioses rested do not appar  to conaumc
CH.. the &“C values in the mussel may
rcflccr rhc ~n isotopic compmition  of
chcrmoynic  CH4 ( -% pcr roil) in iu cnvi-
ronmcnr (16). The apparcm homogcncicy  of
rhc 6’3C vaiucs throughout chc seep mussel
tissues indicates rhat dsc ar-tron derived
from C1-L is distributed dsroughou[  tic
ammal. Since CI-L osidacion  is taking place
only in the gills, this implies *C rransloca-
tion of organic carbon derived fium CH4
from the gills to ocher SissuCS thr012@OUt
rhc animal. The d- ro which the 6’3C
differs from that of chc ocha  organisms
tlom he same cnvimnmcm also suggests
rhat oxidation and incorpomtion  of CEL
carbon is a major nutritional input fm this
mud.  The =blc  carbon isotope data sug-
gcsr d2at the 6[3C of animal tiuc on the
l-ou~laa  slope maybe useful hr diKcraAu-
acing CHAmscd syinti.oscs from aadfur-
bsd symbiosca.  iiowcv&, campolatid of
imopic rangca bcnvecn chanosynrhctic  SyS-
[CMS (h@rochcmal  vcw  SUbduaiors  ~
brine seeps) is highly spcdadv~ since a
\,ariccy of p~~ can ~~ carbon  iSOtOpC
ratios, and @ stabk kompc rati ~
widely ( 17).

The qucsrion rCmainsvivhar isdlcagcm
responsible for rhe oxidiuors? Optical and
transmission dcsrxon mkcoscopy  (18) K-
\tal  d-se  prcscncc of aburldarlr intncclluiar
coccoid baaaia in vacuoks within the gills
(Fig. 2a). Sca& of intr&p@mk  _
bmcs, typical of ~. I mdmomsphs
(J6), are \tilbk  in many .of these baactia
(Fig. 2b). Type I ~h”~
nbulmc morqhoaphatc  #e ad incorp
rarccarbon bsn CH4@scr0rganic COm-
pcmrrds (16).  Thcac 5@id0SS=VqdOSC
(0 thC gi~ sult%q whidi  would fdkXC
CH4 Uprakc  from *C Scawamr.

This symbiosis bcnvcas a nwdunomphic
bacteria and an animal host is poccntially
able co derive a krgc fraction ofics crragaic
and carbon nds from the cosssumpaon of
chc reduced singlc carbon compound CI-L
(19). ~iS form Of symbiosis my d bc
found in other vcru and seep mussel spccics.
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8.1 I N T R O D U C T I O N

Chemolithotrophy appears to be the only type of metabolism that may result
in primary production of organic carbon in a permanently dark environment.
This fact was implicit inWinogradsky’s(1887) postulation of chemoautotrophy
(see Chapter 1), i.e., the reduction of carbon dioxide to organic carbon by energy
derived from the oxidation of an inorganic compound. In place of “chemoli-
thoautotrophy” the following discussion will often apply the term “chemo-
synthesis,” making use of its contrast to “photosynthesis.” The potential im-
portance of chemosynthesis for organisms existing in the absence of light was
never seriously considered because life on our planet is overwhelmingly sup-
ported by photosynthesis.

This was generally held to be h-ue also for the deep ocean where living
organisms, although in decreasing numbers, have been observed down to the
greatest depths of 11 km. About 65 percent of this globe is covered by water
deep enough to eliminate all light from reaching the sea floor. This immense
volume of permanently lightless seawater below a depth of about 300 m rep-
resents approximately 80 percent of the earth’s biosphere. The scarcity and the
distribution of organisms in this environment clearly reflect the photosynthetic
food input from the uppermost layers of water and the high rate of dilution
and consumption on its way down to the bottom. The strategies of survival of
the deep-sea fauna have much in common with those of desert communities.

It was quite a sensation when another characteristic feature of deserts was
found in the deep oceans: oases. During geological studies of zones of active
submarine volcanism known as “tectonic ocean spreading centers,” these oasis
sites were actually visited by manned research submersibles to depths between
1800
were

and 3700 m. On the &t dives to particularly active centers, hot springs
discovered discharging “hydrothermal fluid” into the surrounding sea-
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water (Corliss et al., 1979; Jannasch and Wirsen, 1979). The immediate vicinity
of these “hydrothermal vents” was inhabited by dense populations of marine
invertebrates: mussels, clams, and tube worms of unusual size and representing
new species,  genera, and families (reviewed by Grassle,  1986). [t was quite
clear from the first observations that these immense amounts of biomass could
not be explained by a supply of photosynthetically produced food particles.
Instead, the energy resource was theorized, and later found, to be terrestrial
(chemical) rather than solar (reviewed by Jannasch,  1985).

It seems evident that physical energy (high temperature arid pressure) is
converted into potential chemical energy by geothermal processes within the
earth’s crust. The resulting highly reduced hot hydrothermal fluid is carried
upward to the sea floor where the release of energy on contact with cold
oxygenated seawater takes place chemically or, if mediated microbiologically,
is accompanied by the fixation of C02 into organic carbon. Thus, in an un-
expected manner the geophysical/geological exploration of plate tectonics re-
sulted in the discovery of a major microbiological phenomenon: the chemo-
Iithotrophic sustenance of thriving communities of organisms in the deep sea–
a timely contribution to the 10Oth anniversary of Winogradsky’s observation
on mic;obial autotrophy in the absence of light.

.  8.2 DEEP SEA SOURCES

The tectonic plate movements at

OF ENERGY

spreading centers involve an intermittent
penetration of seawater several km into the earth’s crust. Through heating by
~nderl ying magma chambers it may reach temperatures of 1200-oC before as-
cending again and reaching the seafloor as hydrothermal fluid with tempera-
tures of 350°–360 “C. These “hot” hydrothermal vents have flow rates of 1-2
m/s. The instant precipitation of black polymetal  suUides gives them a char-
acteristic appearance that has been termed “black smokers.” The precipitation
process also produces anhydrite (CaS04) which forms part of these chimney-
like structures (Edmond and Von Damm, 1983). More important for the oc-
currence of rich animal populations are the “warm” vents with temperatures
around 25 ‘C and flow rates of 1-5 cm/s, where a premixing of hydrothermal
fluid with ambient seawater takes place in the porous sub-seafloor lava beds
prior to emission (Figure 8.1). An overview of the hydrothermal processes
involved is given in a symposium volume edited by Rona et al. (1983).

“Hydrothermal fluid” is thermally altered seawater which is anoxic, acid,
and highly reduced. Its chemical composition is the key for chemolithotrophic
processes. Certain ions are lost during subsurface precipitations or exchange
reactions; others are enriched through leaching processes. The chemical com-
position of most offshore vent emissions resembles that presented for the 21 ‘N
site (about 100 miles off the Pacific coast of northern Mexico) in Table 8.1. At
the Guaymas Basin vent site (in the Gulf of California), on the other hand, the
actual basalt lava emissions are overlayed by several hundred meters of sed-

.
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Figure 8.1 The major geochemical processes occurring within the oceanic crust and
on the deep sea floor. AS seawater penetrates several km into the crust, it is heated to
350-400”C, reacts with basaltic rocks and leaches various chemical species into solution.
The highly reduced “hydrothermal fluid” rises and reaches the seafloor either directly
(hot vents) or after mixing with cold, oxygenated seawater before emission (warm vents).
On mixing, polymetal  sulfides and calcium sulfate (anhydrite) precipitate either within
subsurface lava conduits or as “chimneys” and suspended particulate matter in the
“black smokers” (modified from Jannasch and Mottl,  1985).

iment which is penetrated by the hydrothermal fluid (data in Table 8.1). Geo-
chemical processes result in the difference of ion composition in the sea floor
emissions at these two sites (Lonsdale  et al., 1980; Edmond and Von Damm,
1985).

Most of the heavy metal enrichment found in the offshore “bare lava”
vent emissions is stripped during the passage of hydrothermal fluid through
sediments at the Guaymas Basin site (Table 8.1). As a result, the typical 350”C
black smokers are here transparent. Intrusion of magnesium indicates the de-
gree of seawater mixing with the originally magnesium-free hydrothermal fluid.
The calcium enrichment of hydrotherrnic  fluid produces, at the point of mbdng
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Table 8.1 Chemical composition of hydrothermal  emissions in the deep sea are
compared with ambient sea water
Chemical Unit of concentration Cuayamas  Basin 21”N  -

Sea water
Fe (UM) 56 1664 0.001
Mn (PM) 139 960 0.001
co (niwl) 5 213 0.03
Cu (PM) 1 35 0.007
Zn (/IM) 4.2 106 0.01
Ag (nM) 230 38 0.02
Pb (nM) 265 308 0.01
Na (mhl) 489 432 - 464
K (mM) 48.5 28 9.79
Li (J.(M) 1054 891 26
Mg (mM) 29 0 52.7
Ca (PM) 29 15.6 10.2
Sr (PM) 202 81 87
Ba (/JM) 12 7 0.14

c1 (mM) 601 489 541
so, (mM) o 0 27.9
Si (mM) 12.9 17.6 0.16
Al (AcM) 0.9 5.2 0.01

NH, (mM) 15.6 0 0
H,S (mM) 5.82 7.3 0
H, (mM) 8 50 0.001
CH4 (mM) 1 1.6 0.001

. pH 5.9 3.4 8.0
alk meq 10.6 -0.4 0.16

The samples were collected at vents in the Guaymas Basin (depth 2003 m) and the site at 21 “N
(depth 2610 m). (Data from Welhan and Craig, 1983; Edmond and Von Damm, 1985; Jannasch  and
Mottl, 19S5).

with the sulfate-containing cold seawater, fast-growing cones of anhydrite (cal-
cium sulfate) blackened by traces of metal sulfides. On cooling, anhydrite re-
dissolves in seawater, a process that ako applies to the above mentioned an-
hydrite constituent of hot vent chimneys (Edmond et al., 1982). The resulting
porosity of the chimney walls becomes an important feature for the slow pas-
sage of sulfide-containing hydrothermal fluid and growth of microbial mats.

The amount of sulfide ions, as the most important electron donor for
chemolithotrophy at deep sea vents, derives only in part from chemical re-
duction of the original sulfate content of the entrained seawater. Some of the
geothermal sulfate reduction and metal sulfide deposition takes place during
the downward movement of seawater into the-earth’s crust? and part of the
sulfide content of the recirculating hydrothermal fluid stems from sulfur leach-
ing of basalt at high temperature (Figure 8.1). The additional metal sulfide
depositions from the ascending hydrothermal fluid in the Guaymas Basin seal- ~
iments lowers the final sulfide concentration at this vent site.

At the same time, the organic constituents of these sediments, derived
from the deposition of diatoms in the photosynthetically highly productive .
waters of the Gulf of California, provides the vent emissions of the Guaymas -

Basin site with a high ammonia content. This is, again, very different from the
.



“bare ~ava”  vents of the 21 “N site where the photosynthetic input is negligible
and no ammonia is found in the hydrothermal fluid (Tabie  8.1).

The amounts of dissolved hydrogen and methane and other potential elec-
tron donors for chemosynthesis, are highly variable at every vent site studied
so far and, therefore, undistinguishable for the two vent sites recorded in Table
8.1. Their background quantities in ambient seawater are equally nonconser-
vative, i.e., subject to biological conversion. Methane, being organic, is not
commonly considered a substrate for chemolithotrophy.  Dealing with deep sea
vent emissions, however, where the bulk of methane is of geothermic  and not
of biological origin (Welhan and Craig, 1983), one is tempted to treat it like
an inorganic compound and a source of energy and carbon at the same time
in a mixed chemolithomethy lotrophy.

8.3 IN SITU CHEMOSYNTHETIC ACTIVITY

The first observations of dense bacterial suspensions in the plumes of “warm”
vents (around 230 C) at the Galapagos Rift ocean spreading center (Corliss et
al., 1979; Jannasch and Wirsen,  1979) provided evidence to support the as-
sumed microbial base of the food chain leading to the rich animal communities.
During the years following these initial observations, studies on chemolitho-
trophic in situ activities, physiology of microbial isolates, and measurement of
the transfer of “chemosynthate”  to the vent animals have been limited by the
rare occasions to visit the deep sea sites by submersible vessels and by the
relatively restricted operations that are possible on the deep sea floor.

Attempts to measure the total biomass of natural microbial populations
have advanced during the last decade from plate counts and microscopic cell
counts, using epifluorescence  optics on acridine orange-stained cells, to ATP
and total adenylate determinations. In addition, the ratio of GTP:ATP (GTP,
guanosine S’triphosphate)  has been used as a determination of microbial growth
activity at certain warm vent sites (Karl et al., 1980).

Such general growth or biomass assessments (Karl, 1980) do not estimate,
however, the part played by chemolithotrophic  organisms. Chemosynthesis
was measured, therefore, in much the same manner that field studies of pho-
tosynthetic COz-fixation  are conducted. Sets of six 120 ml syringes, precharged
with ‘ 4C-labeled bicarbonate, were filled (using the mechanical arm of the
submersible) with the bacterial suspension from a warm vent (around 23 “C).
One set was incubated i% situ in ambient water of temperature around 3*C;
two other sets were incubated in the ship’s laboratory at 3° and 23 ‘C. Rates
of COZ fixation of a typical experiment are presented in F@re 8.2. The hatched
cohunns show data from syringes that were also supplemented with 1 rnhl
thiosulfate.  Placing a syringe holder within a vent plume for incubation at in
situ temperature was not possible and may also be irrelevant in the absence
of accurate temperature recording.

Three major characteristics of chemolithoautotrophic  activity in warm vent
emissions emerge from the data presented in Figure 8.2: 1) the effect of in situ
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Figure 8.2 Rate of carbon dioxide incorporation by the natural population of bacteria
suspended in “warn vent”  water incubated in situ (260 atm, 3“C) and in the ship’s
laboratory at two temperatures. Hatched columns indicate a 1 mM thiosulfate supple-
ment (from Jannasch, 1984).

pressure (around 250 atm) is negligible; 2) the response to temperature indicates
that the organisms are mesophiles;  3) the addition of thiosulfate resulted in at
least a doubling of the CO#ixation rate. A more detailed study (Tuttle et al.,
1983; Wirsen et al., 1986) confirmed this general scheme. Experiments con-
ducted at 1 atm under otherwise equal conditions n%ulted in similar data, i.e.,
within the range of error, as in the in situ experiments. The COz-fixation  rate
slowed abruptly when the samples were cooled from 23 ‘C to ambient seawater
temperature (2-3 ‘C). In addition to thiosulfate,  tetrathionate was also oxidized
by the natural microbial warm vent populations. Experiments supplementing
ammonia, nitrite, hydrogen, or methane have not been done. Only the latter
two are present in the water issuing from bare lava vents. In separate exper-
iments, uptake of the 14C-label  horn acetate and glucose was found to be quite
rapid (Tuttle et aL, 1983; Wirsen et al., 1986).

One disturbing result of these studies was the early notion that the entire
production of bacteria within a warm bare lava vent field would not be suffiaent
to support the growth of those massive invertebrate populations that are found
outside of the areas where the bacterial cell suspensions occurred. The expla-
nation emerged later when the assumption of a new type of endosyrnbiotic
chemolithotrophy  was substantiated (see below).

An unusual feature of the sediment-covered Guaymas  Basin vent site is
the massive occurrence of mats of essentially monocuhures  of Beggiaioa  (Nelson
et al., 1988). Chemoautotrophy was demonstrated in these mats by measuring
ribulose  bisphosphate carboxylase  (RuBPC) and 14COz-uptake activities on
freshly collected material; the results were similar to those obtained earlier with
pure cultures of marine Beggiatm (Nelson and Jannasch,  1983).

8 .4  CHEMOLITHOTROPHIC ISOLATES

Isolates of thiobacilli-like organisms were readily obtained in large numbers.
A representative list of strains in Table 8.2 is subdivided according to metabolic
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characteristics such as acid formation as well as growth and C(32 fixation in
the presence and absence of an organic substrate (Ruby et al., 1981). The wide
range of organisms from obligate chemolithotrophs,  through the mixotrophs
and facultative  chem~lithotrophs to the chemolithoheterotrophs—and  certain
true heterotrophs that are able to oxidize sulfur compounds with no measurable
gain of energy—is not different from other marine habitats and from what is
known of aerobic microbial sulfur oxidation in general (see Chapter 4, and
Kuenen and Beudeker, 1982).

The acid-producing and slightly acidophilic obligate chemolithotrophs may
only be able to grow competitively in dense mats on rock surfaces of sub-
seafloor lava chambers. Many of the mixotrophs and facultative chemolitho-
trophs grow well at the pH of seawater (Figure 8.1) and may even raise the
pH slightly by producing polythionates instead of sulfate. Their growth is
favored by the occurrence of variable concentrations of dissolved organic com-
pounds in the sulfide- and thiosulfate-containing vent water surrounding the
rich animal communities. Gottschal  et al. (1979) have emphasized the ecological
significance of the metabolic flexibility of these facultative sulfide-oxidizing
organisms from results of continuous culture studies on competitive population
dynamics (discussed in detail in Chapter 4). This prinaple  appears to be directly
applicable to the microbial vent populations considering, of course, that no
homogeneous mixing exists and that part of the various metabolic types are
spatially separated. However, the result appears to be the same: the larger
portion of the total population of aerobic sulfur-oxidizing bacteria consists of
nonobligate chemolithotrophs.  “

Tests for low-temperature adaptation (the psychrophde character, shown
by growth optima between 8“ and 16”C) and high-temperature adaptation

Table 8.2 Growth of bacterial isolates (thiobacilli-like) from vent water samples on
thiosulfate  and veast extract media’

Growth’ ~g HC03- fixed per 107 cells
Strain Final” PH in T-ASW Y-ASW T-ASW Y-ASW T-ASW W-ASW

L-12 4.7 .7 67 10 3.1 3.2
RTPMB 4.7 .6 56 IG 2.7 3.1
TB-49 4.7 1.4 86 IG 6.1 3.7
SS-T 3.9 2.0 199 [G 3.1 3.6

NF-18 6.3 203 12 .1 2.5 .1
AG-33 6.5 218 7 .2 .6 ,2
TB-66 5.7 106 4 .3 .6 .2
RTRG 6.2 ND 6 . .1 .7 .2

AC-25 8.4 35 I 0.4 0.1 lG 0.1
NF-13 8.8 115 . 7 .2 IG .2
TB5.5-9 8.7 . 245 .6 .1 .1 .1
TB-A 7.9 ND ND .1 .1 .1
K-12 7.8 ND ND .0 [G .1

‘T, thiosulfate  (10 mM); ASW, artificial seawater; Y, yeast extract [0.01% wt (voi)];  initial pf-i was 7.0.
~Ratio  of maximum cell  density (as. determined by epifluorescence  direct counts) over that in the
unsupplemented control
< [G, insufficient growth for determination
“ND, no data
Data from Ruby et al., 1981.:
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(thermophily,  growth optima above 40 ‘C) were negative: all isolates were
mesophilic  with optima between 28° and 35” C. Growth studies at various
pressures relevant to deep-sea origin of the isolates revealed them to be bar-
otolerant  rather than barophilic,  i.e., highest growth rates occurred at 1 atm
while pressures of 200-300 atm lowered the rates no more than 20 percent.
No growth occurred at pressures above 500-600 atm.

Two physiologically typical isolates, listed in Table 8.2, were studied in
more detail: strains L-12 and NF-18. The obligately  chemolithotrophic strain
L-12 was found to belong to the genus Tlziornicrmpira  (Ruby and Jannasch,
1982) and appeared not to be different enough from T. pelophila (Kuenen and
Veldkarnp, 1972) to create a new species. A typical microaerophile,  it could be
grown to unusually large colonies on agar plates when care was taken to reduce
the oxygen concenhation  of the atmosphere. Also unusual was the high tol-
erance of this strain (Thiomicrospira  L-12) for hydrogen sulfide (300 KM). Its
growth response toward temperature and pressure fell within the ranges given
above for natural populations of sulfur-oxidizing bacteria. During later studies,
a Th iomicrospira  strain was isolated from another vent site (21 ‘N) that was
indeed different from T. pelophila,  mainly by its G+ C mol percent content and
its higher growth rate and optimal pH in the same thiosulfate medium. It was
described as a new species, T. cnmogerza (Jannasch et al., 1985).

The second strain (NF-i 8 in Table 8.2) studied specifically represents a
facultative  or mixotrophic thiosulfate  oxidizer, The stimulation of C02-fixation
by thiosulfate is almost 10-fold (Figure 8.3) The addition of an organic substrate,
such as glucose or yeast extract, ehinated or obscured any growth advantage
due to thiosulfate oxidation (Ruby et al,, 1981). By virtue of their catabolic
flexibility and their abiIity to grow optimaIIy at a Iarge range of relatively high
pH values (6.5-8.5), many organisms in this category are likely to constitute
the major population of sulfur-oxidizing bacteria at the hydrothermal vents.

Attempts to isolate extremely thermoacidophilic,  aerobic sulfur oxidizers
of the Sul~olobus-type  from the deep sea hydrothermal vents have so far been
unsuccessful. It is quite possible that the gradient between the two zones, the
hot anoxic hydrothermal fluid on the one side and the cold oxygenated mixture
of hydrothermal fluid and ambient seawater on the other, is simply too steep
to permit the establishment of a SU1/ololws population. Fluctuations at this
interface may also be highly destructive to such populations. If such organisms
exist, they do not seem to be extensive and might simply have escaped de-
tection.

The first isolation of an anaerobic chemolit!hotroph  (Jones et al., 1983)
originated from the outside of a 21 ‘N black smoker and turned out to be art
extremely thermophilic  methanogen. It grew optimally at a temperature of 86°C
with a doubling time of 28 rein, and was identified as a new species of the
genus Metkuzococcus. Very similar organisms were isolated later from the hot
Guaymas  Basin sediments independently by W. J. Jones, Georgia Institute of
Technology at Atlanta, and by Zhao  et al. (1988). This extremely therrnophilic
methanogen  appears to be a common constituent of the microbial hydrothermal
vent population.

.
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Figure 8.3 Incorporation of “C-labeled bicarbonate by the mixotrophic thiosulfate-
oxidizer, strain N-1 8, in artifiaal  seawater medium (ASW, dots) and in ASW plus 10
mM thiosulfate  (filled triangles), as compared to the base-producing stiain  TB5.5-9 (see
Table 8.2) in ASW (circles) and in ASW plus 10 mM thiosulfate @iangIes) (from Ruby
et al., 1981).

These archaebacteria were recently joined by another one: extremely ther-
mophilic sulfate-reducing bacteria (Stetter  et al., 1987). At least in its capability
to use molecular hydrogen as a source of electrons, this organism might also
be found as part of the Mhotrophic microbial deep-sea vent population. So far
the predominant group of extremely thermophilic  organisms isolated from var-
ious vent sites is represented by fermentative  and sulfur-reducing archaebac-
teria (Jannasch,  1988).

8 .5  SYMBIOTIC CHEMOLITHOAUTOTROPHY

Three major species of invertebrates constitute the bulk of the rich animal
populations observed in the immediate vicinity of the “bare lava” hydrothermal



vents: mussels (Bathymodiolus  thcrmophilus, Kenk and Wilson, 1985), the “giant”
w’bite ciams  (Cu/yptogena  mugnifica, Boss and Turner, 1980, Figure 8.4), and
the vestimentiferan tube worms (R@ia  pac~ypfi~a, Jones;  1981, Figure 8.5). This
is in contrast to the sediment-covered vents at certain ocean spreading or sub-
duction zones (Lonsdaie  et al., 1980; Kulm  et al., 1986) where the presence of
photosynthetically provided organic substrates limit the significance of a pri-
mary chemosynthetic production of organic carbon and where a much larger
\’ariety of partly well-known deep sea invertebrates are observed.

Of the above three groups of animals, only some mussels occur within
the dense microbial suspensions of the immediate warm vent plumes. The rest,
as do most of the white clams and the vestimentiferan tube worms, occur
outside the direct vent emissions in clear water where the concentration of
particulate organic matter is much too low to serve as a food source. Subse-
quently it was found by electron microscopy and by enzymatic studies that
the gill tissue of the bivalves contain procaryotic endosymbionts that are in-
volved in the production of ATP through the oxidation of inorganic sulfur
compounds and in the reduction of COZ to organic carbon (Cavanaugh et al.,
198 1; Felbeck, 1981). Specifically indicative of microbial metabolism is the
presence of ribulose bisphosphate carboxylase (RuBPC;  see Chapter 19) and
adenosine S’phosphosulfate  reductase (APSR; see Chapter 14). While microbial
symbionts  may be absent from mussels or occur in variable quantity, the white
clams appear to depend on their presence.

Figure 8.4 Populations of white clams (Calyptogena  rnagnifica, Boss and Turner, 1980),
20-30 cm in length, located within cracks between boulders of “pillow lava” at the
21 ‘N East Pacific Rise vent site (depth 2610 m, from H. W. Jannasch,  1984).
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Figure 8.5 Populations ofvestimentiferan ~&wo-(Ri~tia  pachyptila,  Jon=, l98l),
about 40 cm to 1 m in length, brachyuran  crabs (Bythograea therrrzydrm, Wfiams, 1980),
limpets (Neomphalidae), and the small white housings of certain polychaetes (Serpu-
lidae)  attached to the rock surface. Also shown is one speamen of the so far undesmibed
“vent fish.” Galapagos Rift vent site (depth 2550 m, photo J. M. Edmond).

Dependence on microbial symbionts is also true for the vestimentiferan
tube worms (Figure 8.5) which reach lengths of more than 2 m and can occur
at densities that appear to exceed the highest concentration of biomass per area
known anywhere in the biosphere. The high biomass alone is astounding,
especially considering that hydrogen sulfide, a potential metabolic poison, is
serving as the major source of potential energy (electron donor). Detailed an-
atomical studies (Jones, 198 1) revealed the absence of a mouth, stomach, and
intestinal tract, in short: the absence of any ingestive and digestive system.
Instead, the animals contain in their body cavity the so-called “&ophosome”
(Figure 8.6), a tissue consisting of coccoid procaryotic  cells interspersed with
the animals’ blood vessels (Cavanaugh et al., 1981; Cavanaugh, 1983). A “che-
moautotrophic potential” in these worms was described by Felback (1981)
based on assays of enzymes catalyzing the synthesis of ATP via sulfur oxidation
(rhodanese,  APSR and ATP sulfurylase) as well as the Calvin cycle enzymes
RuBPC and ribulose 5’phosphate kinase (APK) (Figure 8.7). ADP sulfurylase
(ADPS) and phosphenolpymvate carboxylase  (PEF’C) were also found (Felbeck,
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et al., 1981). None of these enzymes were detected within ‘tie worm tissue
proper.

The trophosome may represent more than half of the wet weight of these
worms. The necessary simultaneous transport of oxygen and hydrogen sulfide
from the retractable pIume of gill tissue (Figure 8.5) to the trophosome  is carried
out by an extracellular  hemoglobin of the annelid-type  blood system (&p and
Childress, 1981; Wittenberg et al., 1981; Te&illiger et al., 1983). Respiratory
poisoning appears to be prevented by the presence of a sulfide-binding protein
(Arp and ChiMress, 1983).

No chemolithotrophic  symbiont has so far been cultured from any of the
above-mentioned vent invertebrates. A study on concentrated and purified cell
suspensions obtained from mussel gill tissue and from tube worm trophosomes
by density centrifugation (Belkin et al., 1986) revealed that the symbionts of
these two types of animals are distinctly different. While the symbionts  of the
mussel Bathynmdiolus  thennophilus use thiosulfatee as the only electron donor
and are clearly psychrophilic, i.e., they show an optimal COz-uptake activity
at 16° C with a maximum just beyond 22 ‘C (Figure 8.8), the trophosome sym-
bionts of l?i~tia  pachypti[a oxidize hydrogen sulfide and are active at temper-
atures up to 350 C. In addition to differences in cell size, the mussel symblonts
use free oxygen while the worm symbionts depend on its uptake from oxidized
hemoglobin. From the analyses of 5S rRNA nucleotide  sequences (Pace et al.,
1985), and more recently from 16S rRNA sequences (D. L. Distel, personal
communication), it became apparent that the procaryotic symbionts of all chem-
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Figure 8.7 Scheme of metabolic processes in procaryotic symbionts  within bacterio-
cytes in the gills of vent bivalves; the presence of the enzymes catalyzing ATP-pro-
duction,  the Calvin cycle, and nitrate reduction have been demonstrated (adapted from
Felbeck et ai., 1983).

olithoautotrophically existing marine invertebrates so far investigated belong
in different groups.

8.6 TOTAL CHEMOSYNTHETIC PRODUCTION IN THE
DEEP SEA

It has been a classical enigma for geochemists that the globe’s heat flow balance
could not be explained from conductivity calculations nor does the actual min-
eral composition of seawater come anywhere near the sum of weathering pro-
cesses, river input, and dissolution/precipitation reactions (Edmond and Van
Damm, 1983). These apparent anomalies can be resolved by the assumption
that the total volume of the oceans’ seawater (1.37 X 1021 liters) percolates
through the earth’s crust about once every 8 million years. While this hy-
drothermal cycling only amounts to about 1/200 of the oceans’ river input,
the mineral enrichment of the vent flow is 1000 times that of land runoff. These
geochemical calculations lead to a total annual entrainment of 120 million tons
of SOq2--sulfur.  Three-quarters of this amount is deposited as polymetal  sul-
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Figure 8.8 Incorporation of “C-labeled bicarbonate by homogenates of mussel @ath-
ymodiojus  thernzophilus) gill tissue and Riftia pachyptihz trophosome  at various temper-
atures. Open squares: gill homogenate incubated with 200 ~M NazSzOJ;  filled squares:
purified fraction of mussel gill homogenate incubated with 400 PM Na$20,; dots: tro-
phosome homogenate incubated with 600 PM Na2S. Maximal incorporation rates in
these three experiments were 6.0, 1.0, and 3.3 nmol COZ mg  - ~ protein h-‘, respectively
(from Bekin  et al., 1986).

fides on both sides of the spreading axis while the rest, 30 million tons of S2--
sulfur, is emitted on the seafloor by hydrothermal venting (Edmond et al.,
1982).

It is the general consensus of geochemists that most of the H$ emission
into oxygenated deep seawater takes place by diffusion through hydrothermal
conduits or by slow mixing in warm vents. Only the smaIler portion of hy-
drothermal fluid is emitted by the hot vents or black smokers, the chemosyn-
thetic  potential of the reduced inorganic compounds being lost by a quick
dilution and subsequent slow chemical oxidation in the water column. On these
grounds, it may be a generous but reasonable assumption that half of the
available S2 - -sulfur at hydrothermal vents, i.e., 15 million tons, may be used
for chemosynthesis. If the ensuing amount of organic carbon (in a 1:1 stoi-
chiometric proportion of C:S) is compared to the “annual photosynthetic pro-
duction (global: 77.6 X 10’ tons, oceanic: 18.7 X 10’ tons, Woodwell  et al.,



1978), it follows that the global chemosynthetic  production, based on geo-
thermally reduced sulfur, does not amount to more than 0.02 percent, and the
oceanic production alone to about 0.1 percent of photosynthesis. However, this
negligible proportion increases considerably, namely to 10 percent, if we con-
sider the deep sea environment only where not more than about 1 percent of
the surface-produced photosynthetic food materials arrive in the form of sed-
imenting particles.

other  reduced inorganic compounds in hydrothermal fluid are NHJ,  Hz,
CH,, Fe’+, and Mn~+ (Table 8.1). Their microbial oxidation has been demon-
strated (Jannasch, 1985), but the largely qualitative data do not permit an
estimation of their significance with respect to in situ chemosynthesis. The
considerable concentrations of ammonia at the sediment-covered vents of the
Guaymas  Basin suggest a substantial rate of vitrification-based chemosynthesis
which, however, has not yet been measured.

The concentrations of hydrogen and methane are highly variable in vent
emissions, and their contributions to the in situ  production of microbial cell
material is equally difficult to determine as that of vitrification. lvfethylotrophy
was first indicated by the characteristic morphology of methane-oxidizing bac-
teria occurring in microbial mats that cover surfaces within a vent plume (Jan-
nasch  and Wirsen, 1981). More recently, symbiotic methylotiophy  has been
suspected on the basis of 13 C-isotope  depletion in the tissue of certain inver-
tebrates (Kulm et al., 1986} and has been later demonstrated enzymatically
(Childress  et al., 1986; Schmaljohann  and Fliigel,  1987; Cavanaugh et al., 1987).
In the latter case, however, the methane is not a product of geothermal activity
but occurs in the neighborhood of bituminous deposits or results from the
decomposition of organic matter.

Although the occurrence of extremely thermophilic  methanogenic bacteria
at hot vent environments (see above) suggests biogenic  production of methane,
studies on stable carbon isotope ratios indicate that most of the methane con-
tained in the hydrothermal fluid is of geothermal origin [Welhan and Craig,
1983). This abiogenic  origin may define it as an inorganic compound and, in
turn, its microbial oxidation a chemolithotrophic  gain of energy. The coupling
to auto trophy is insignificant, however (Whittenbury  and Dalton, 1981).

Microbial iron oxidation can neither occur at the high pH of oxygenated
seawater nor in the acidic but oxygen-free hydrothermal fluid. It may occur at
certain limited localities in acidified miaobial  mats (Jannasch and Wirsen, 1981).
The successful isolation of manganese-oxidizing bacteria on the other hand,
and observations of their in uitro  activity render their in situ growth more likely
(Ehrlich, 1983),

8.7 D I S C U S S I O N

The term “primary production” can be used for the aerobic chemolithotrophlc
fixation of COZ in the deep sea, keeping in mind that free oxygen is a product

.



of photosynthesis (Jannasch  and Wirsen, 1979). This qualification is not nec-

essary in the case of anaerobic Chernosynth=is.  The same applies when  con-
trasting the “terrestrial” (chemical) source of energy for the support of life at
the deep sea vents with the “solar” energy for the support of Iife at the con-
tinental ,and sea surface (Figure 8.9). In this context the term “source of energy”
is appIied to an electron donor or reductant, taking into account that a suitable
electron acceptor or oxidant is present for the liberation of the potential energy.
The suitability of the electron donor/acceptor couple determines the amount
of energy released. .

Anaerobic chemosynthesis at the vents, e.g., methanogenesis, can truly be
termed a primary production of organic carbon based on terrestrial energy
because both the electron donor, 1-12, and the electron acceptor, COZ, are of
geothermal origin. However, its actual contribution to organic carbon produc-
tion might be small in comparison to the aerobic chemolithotrophic production
in accordance with the yield of free energy of the oxidations involved:

H, +  :CO, _ +CH4 +  ;H20 –8.3 kcal

HS - +  2 02 -  S 0 ,2 -  +  H+ – 190.4 kcal

Thermodynamically free oxygen plays the key role in the efficiency of che-
mosynthesis at the deep sea vents. It is derived from photosynthesis and is
commonly present in deep seawater at half-air-saturation values. Its store in
the workl’s ocean is enormous when compared to the amounts consumed by
deep sea chemosynthesis. It has been theorized, therefore, that a catastrophic
darkening of the earth’s surface and the resulting temporary obstruction of
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photosynthesis would not
svstems  and would hence

Rcjcrc?zccs  1 6 3

necessarily affect the light-independent vent eco-
give  them highest survival chances (Jannasch and

Nfottl, 1 g 85). Anaerobic ch~mosynthesis-is,  of course, entirely independent of
the photosynthetically produced oxygen, but is limited to procaryotic ecosys-
tems. It should be pointed out that the reaction between the two most prevalent
constituents of hydrothermal fluid, I-X5- and COz, is endergonic:

HS  - +  2HCOJ  - +  H+  _ 2“CHzO”  +  S 0 ,2 - +4.6 kcal

Any speculation or calculation of a production of free energy by this reaction
at high temperatures and pressures rests on the rather independent problem
of the existence and functioning of biological systems under these conditions
(Jaenicke,  1987).

The predominantly symbiotic chemosynthesis, based upon the oxidations
of H$ as well as CHd, has now also been found in anoxic  marine sediments
of nontectonic  origin in shallow waters. The detour via the discovery of deep-
sea vents was apparently necessary to detect this metabolic way of life in certain
animals that have been known for a long time (Cavanaugh, 1983; Schmaljo-
hann and Fliigel,  1987; Southward, 1982; Giere et aL, 1987). No symbiotic
vitrification has yet been demonsmated.

The most surprising characteristic of the chemolithotrophic  sustenance of
the copious deep-sea communities is its effiaency. Considering the point source
of the geothermally provided energy for bacterial growth in the normal food
chain, filter feeding on bacterial cells from the quickly dispersing vent plumes
appears highly wasteful. Evolution overcame this problem by transferring the
chemosynthetic production of organic carbon to a site within the animal where
the electron donor as well as the acceptor are made available with the aid of
the respiratory system. This symbiotic association combines the metabolic ver-
satility of the procaryotes with the genetic and differentiative capabilities of
the eucaryotes and takes advantage of a most direct and efficient transfer of
the chemosynthate to the animal tissue. These transfer processes and the bio-
chemical interactions between the microbial and animal metabolisms are pres-
en tl y the focus of research in this area.

In 1965 the eminent ecologist G. E. FIutchinson, as cited by Grassle (1986),
stated—with an admiringly intuitive foresight over a decade before the deep
sea hydrothermal vent ecosystems were discovered: “The internal heat of a
pIanet,  mostly of radioactive origin, in theory would  provide an alternative to
incoming radiation though we have little precedent as to how an organism
could use it. ”
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1. INTRODUCTION

Chemolithoautotrophic  bacteria are chemotrophic, they ob-
ram energy from chemical sources: Iithotrophic,  their chemical
energy source is inorganic; and automophic,  their source of
cellular carbon is inorganic. SUictfy speaking methanotrophic
and methyiotrophic  bacteria are not autotrophic because their
cellular car&n  source ean k organic (a variety of reduced C-
1 compounds) although they are often grouped with the chem-
olithoautotrophic bacteria. The chemoiithoautotrophic (che-
moautotrophic  for short) and methanotrophic  symbioses
reviewed here are ssociations  between bactetiaf symbionts  and
marine invenebrate hosts. h appears that the syntbionts in alf
of the described chemoautotrophic aawciations w some form
of reduced sulfur as an energy sour%  although there is no a
priori reaon not to suppose that other types of chemoauto-
uophic symbionrs may yet be discovered (for example sym-
bionts that use hydrogen, reduced iron or ammonia as an energy
source are plausible). It musl also be nore.d that since no con-
fined, chemoauton-ophic or rnethanotrophic symbionts have
yet been cuftured (although severaf merhyloaophic and auto-
trophic bacteria have been isoiated from high ddutions of h~
mogenates of symbiont-comaining invertebrate tissues), ’23
details of dteir rnetabohc txpabilifies are nor currently known
and even the well studied symbionts may only be faeukative
Chel-noautormphic  sulfur oxidizer% Widl polyauphic CapaMlitics.

When the hydrothermal vent communities were fsrst dis-
covered in 1977 biologists were astounded by the density of
biomass asssxiated with the active vents.’ Ahhough ear!y in-
vestigators postulated that these cotnmunitiss might be nour-
ished by high coomlaalions of sut-hm-de-rkd pardcub rnatla
entrained in the vent plume,’ it soon became appaxent that the
source of tbe organic carbon in the vent animals was of local.
Chemosynthedc, origin. ‘“’ Perhapcsthe  mostuniqtJe  anirnalfound
in this -ystem was the giant tube-worm, Rifth puchyrilu.’
[U large size and gutless condition inspired investigators to
look for non-conventional sources of nutrition for this animal.
In 1981 Felbeck’ reported on the presence of high activities of
several enzymes of the Caivitt-Benson cycle and bacterial sul-
fur metabolism in the trophosome of R. pochyprilo, and Ca-
vanaugh  et al. 10 reported that this tissue was packed with large
numbers of intracellular prokaryotic cells. These two papers-
represented the fmt  &monstration of a chemoautotrophic bac-
terial symbiosis with a marine invertebrate.

● Manuserip  for this tick accepted in June 19S9.

[n fhe eight years since the first repcms  of chcmoautomophlc

symbioses. a large pomon of the hteramre has been concerned
with the demonswatlon  of other chemoautouophlc and me~h  -
anotrophic symbioses with mtine mvcrtebrates.  Section [1 oi
this review critically evaluates the vartous ty~s of ewdenct
currently being used in the demonstration of chemoautotrophlc

symbioses with the aim of giving Ihe reader the background
necessasy  to Sepante the “wheat from the chaff’ in this rapidly
growing body of literature.

In Seetion 111 the marine invefiebrme groups containing spe-
cies that are symbiotic with chemoautotrophic  bacteria are re-
viewed. frt this section a represenfiitive  selection of tie literature

on these animals is reviewed, although I have concentrated on
ecologid, rnorphologkrsf,  ultrastructural, and physiological
studies. Details of sulfur metabolism in these hosts and sym-

bionts  have recentfy ken reviewed” and are ordy briefly cov-
ered here.

in 1986 the fmt  documented meth-anouophic symbiosis wti
teportccl, ‘z although the existence of this type of symbiosis had
been postrtiated virtualfy since the discove~ of sulfur based
chcmoautotmphic  symbiosis. 13 Li&~~ on the three well-

documted  methylotrophic (and in two cases methanotrophic)
symbirxes are reviewed in Section IV. Readers interested in
this type of symbiosis are also refered to Section III.E. 1.e. for
discussion of some of the other postulated merhanotrophic
symbicws

.4.s noted, it was the gutless condition of Rifria psrchyprild
that fim - “mvesrigators to look for the presence of sym-
bbtic c~totropha  in this animal. The assumption made
was thatattmtrophic  symbionts would contribute to the hosts’
nutritional carbon needs. Despite the fact tit this assumption
is basic to most models of tbe functioning of these symbioses,
these is hale  Iiteratum that dtiy addresses this question. Ltr
the last section of this review, that  literature, as well .m other
work (ad lines of reasoning) that indirectly support nurntional
ties bum the W and symbionts are discussed.

IL DEMONSTRATION OF
CHEMOALJTOTROPHIC SYMBIOSES

The first conclusive demonstratiort of a symbiosis between
chemoatstotrophic bacteria and an invertebrate host was in Rif-
zia pachypri&L where Fe1beck9 found activities of a number of
enzymes d-tic of chernoautotrophic bacteria in the uo-
phosome tissue of the giant [uEe-worm,  and Cavanaugh  et af.’0

C. R. F* earned his Ph.D.  from he University of Cstifomla,
Ssnrs Bsrbsrs sfrd i3 cwrentty  Assiasm Pn3fes30r.  Dqmrnnenl of
BiOtogy, 204 MeMer bbomsory, The Pennsylvania S53te  University.
tlnivefsiry  S%k.  PA t6802.
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demonstrated appreciable quantities of Iipopolysaccharide (a
compound characteristic of  the outer cell wall of gram nega[ive
bacteria I and identified numerous gram negative bacteria in
the same [issue. Since then a large portion of the literature on
this SUbjeCt has been concerned with demonstrating that similar
associations exist in other animals. A variety of different types
of ewdence have been used [o demonstrate the presence of
chemoautotrophic symbionts in a given host. Each type of
evidence can have its own pitfalls and so must be examined
critically. Fufiherrnore, no one type of evidence is m itself
sufficient to demonstrate the existence of a chemoautotrophic
symbiosis, and therefore the remtfts  of at kst two approaches
(and often more) must be reviewed before definitive conclu-
sions can be reached.

A. Microscopy
The demonstration of the presence of bacteria in significant

numbers. intirnatel y associated with a particular host species,
is essential to the demonstration of a chemoautouophic sym-
biosis. Because of the relatively small size of most chemoau-
totrophic symbionts, truly convincing evidence (for the presence
of prokaryotes) can only be found in eiecmon micrographs,
where the proksryotic nature of the syntbionts (including the
gram negative cell wail) can be v%uaiized. Once the symbionts
have been sear  and their iocation in the host tissue identified
by electron microscopy the symbionts can sometimes be vis-
ualized by light tnicro~py, akhough exarnina tion of iight
micrographs alone can be misleading (i.e., Reference i4). A
technique for visualizing chemoautotrophs  in homogenates of
host tissue using the light microsape  has reattiy been de-
scribed. lS Although this technique may be usefuf for “tieid”
screening of psible symbtoses, it does not dfiguish  be-
tween bacteria contaminating the surface of a tissue and true
symbionts. Demonstration of the pmsene  of prokaryotic cells
within a host’s tissues is of course not alone sufficient to dem-
onstrate a chemoautotrophic symbiosk since it does not address
the nature of the bacteria.

A variety of other infonrralion can also be derived from the
examination of eiectron micrograpbs, such as morphological
indications of the taxonomic affinities of the symblonts, 121619
specific imation of the symtblonts (see Section fIl), and some-
times information on the fate of the symbionts within a host
cell (see Section V).

B. E&me Activities
Activities of a variety of enzymes have been used to impli-

cate chemoautotmphic  bacteria as the syrnbionts  in some as-
sociations. Sotne of these enzymes ass onfy fourd in autotrophic
organisms and are therefore strong evidence for chemoauto-
trophy, once photoautotrophy has been ruled out. Others are
afso found in some hcterotrophic organisms and are therefore
indicative of chemoautotrophic  bacteria only when found in
abnormality high activities. The ievel of activity is especially

relevant for any enzyme when (here is a possibility of the
material being contaminated by free living bacteria or algae.
This possibility becomes almost a probability when examining
btvalve  galls because of the large microvliiar and ciliated sur.
face areas bathed by the ambient sea water. The problem is
compounded by [he fact that [he reducing environments where
chemoau[otrophic symbioses are found are also well suited to
free-iiving chemoautotrophic microorganisms. Thus, it is not
only the presence of an enzyme activity that is of impt. bu:
aiso the levei  of activity of that enzyme.

1. Enzymes of the Calvin Cycle
Ribuiose-  1,S-bisphosphate carboxyiase-xygenase  (RuBPC/

O, EC 4.1. 1.39) catalyses the fmt  reaction in the Calvin-
Benson cycle, the csrboxylation  of RuBP. h is osdy found in
autotrophic organisms (chemoautotrophic bac~eria and pho-
toautotrophs), carbon monoxide-oxidizing bacteria, and a! low
activities in some methylotrophic bacteria. m Thus, when this
enzyme is demonstrated at substantial activities in h organism
from the deep-sea (where photoautotrophy csn be Nkd  out) it
is catvincing  evidence for chemosutotrophy.  I empitasim sub-
stantial activities because of the potential for mntaminating
bacteria on the stuface of an animal’s tissues a within an
animal ‘S GI tract. An exarnpie of moderate RuBPUO  activities
found in a symbiont-containing  bivalve which am not to be
attributable to the major symbiont is art undescribed species of
mussel collected near hydrocarbon seeps on the Louisiana
Siope.z[ The only intracellular symbiont seen in electron mi-
crographs is a methanotroph  and the rnethanotrophic  nature of
this symbiosis is weii documented. 1221 RuBPOO activity was

found in the giils of lidtiy collected s~imens of this mussel
but is apparently not attributable to the medmtto(rophic sym-
biont since the RuBPUO activity does not persist when the
mttsssi is maintained in captivity (even for only 48 h) although
~e ~th~~ph does.zt Whether this is due to contartdnat.ing

bacteria on the surface of the seep mussels’ gills m a second
symbiont is yet to be established, but it no~eiess demon-
strates the danger of drawing cmciusions from low or moderate
eatzyme  activities. Another enzynw of the Caivirs-Besrson cycle,
nbuloae-5-phosphate kinase (EC 2.7.1. 19), has also been dem-
onstrated in the tissues of some cbernoautotrophic Symbioses=
and is subject to the same catsiderations  as RuBPUO  as a
diagnostic tool.

Csvanaugh et al.=  have recently used immunological meth-
ods to demonstrate that the enzyme RuBPUO is bxaiized
inside the symbionts in the gills of the bivalve Soknsya velunt.
This study provides some of the most defutitive evidence to
date for a symbioses with chemoautomophic bactaia,  because
it combines evidence for the presence of a diagnosdc  enzyme
with the demonstration of irs iocalizatiotr in prokaryotic  sym-
bionts. Immunological and molecular methods wifl undoubt-
edly prove useful in the demonstration, and the study, of these
associations.

t
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2. Enzymes of Sulfur Metabolism
The source of electrons used [o fuel chemoautotrophy  and

therefore, the ly~ of bacterial symbtont  can often also  be

Inferred from enzyme activities. The enzyme adenosine-5’  -
phosphosulphate reducwse (APS rcductase, EC 1.8.99.2) cat-
alyzes the reacuon of AMP and sulfite [o produce adenosme
phosphosu~fate in some autotrophic  sulfur bacteria,’””  and can
catalyze the reverse reaction in some sulfate reducing bacte-
ria.’s Activity of this enzyme has not been demonstrated in
any other types of organisms and is therefore diagnostic for
the presence of sulfur bacteria. Unfortunately APS reducmse
has only been demonstrated in two species of free-living sulfur-
oxidizing chemoautotrophs  and sulfite oxidation is catalyzed
by other enzymes in orher chemoautotmphs.2’ Therefore its
absence is not evidence against chcmoautotmphy,  and in fact
it has only rarely been demonstrated in chemoautouophic  sym-
bioses. However, when it is found at appreciable activities
along with RuBPCYO, it is strong evidence for a sulfur based
chemoautotrophic  symbiosis.

ATP sulfurylase (EC 2.7.7.4) catalyzes the reversible re-
action of adenosine-phosphosulfate and pyrophosphate  to yield
ATP and sulfate. ATP sulfwy’lase  is found in a variety of
organisms ZS.Z9  but has only been found in high activities in
chemoautotrophic sulfur bactetian  and chernoautozrophic sym-
bioses. Appreciable activities of this enzyme have been dem-
onstrated in symbiont containing tissues of aff cimrsoautotrophic
symbioses tested. 21 “22.3 ‘“Js In studies with paired symblont+on-
taining and symbiont-free tissues from the same animals, ATP
sulfurylase has only been detected in the symbiont containing
tissues.”% No activity of this enzyme was found in the gills
of the methanotrophic symbiontantaining  hydrocarbon seep
mussel even though it is present in the closely related hydro-
thermal vent mussel, Ba!hymodiolus drerrnophilur. 21 The en-
zyme is quite stable and activity does not decrease even after
severaf years at - 70”C.21  The assay is a straightfonvard, spec-
trophotornetric assay with a large extinction eoeftlciem and
therefore a suong signal.9  llerefore, even though this enzyme
is not diagnostic for chemoautotnphic  bacteria, it has proven
to be a good indicator for chemoautotrophic symbloscs.

Sulfate adenyiyl tzanafcmse (ADP) (EC 2.7.7.5) eatafyzes
basically the same reaction as ATP sulfurylase but yields ADP
instead of ATP. it is subject to the same considerations as ATP
sulfutylase as a diagnostic tool for chemoautotrophic sym-
bioses. Although Felbeck was unable to dernanmate activity

of this enzyme in trophosome of R. pacirypitk9 or in the gills
of Calyptogena  magntffca, Batiryntodiolus  thermaphihs and
Sofernyu  reidi (pers. cmnrn. H. Felkck, Scripps fnstitute of
Oceanography) other workers have dentonstrated activity of
this enzyme in the gills of some Iucinid  and thyasirid bivafves
and in smaller Pogonophorans.’”’q’  However, these same
~vestiga~o&T feud  low activities of this enzyme its syntbiont-
free tissues of one of the same bivaiv~, which compromises
the usefulness of this enzyme as a diagnostic tool.

Rhodanese  (EC ?.S.S. i ) has been propowd  to ca~alyze the
cleaving of thiosulfa[e into sulfite and sulfur in thiobacillus.  ”
[t can also catalyze other reac[ions and is found in a variety
of other organisms at appreciable activities. ‘n Rhdanese  is
therefore of quesnonal significance as an indicator of che-
moautorrophic  symblonts. In fact Cavanaugh  Tb found similar

levels of acuvity of this enzyme in foot t]ssue (without sym-
bionrs)  and gill tissue (with chemoautotrophic symbionts) of
the bivafve .Sofemya velure.

Sulfide oxidase  catalyzes the first step in the oxidation of
hydrogen sulfide in a variety of animals. Oxidation of sulfide
can also proceed norr-enzymatically  when free oxygen is pres-
ent. Sulfide oxidase has &en demonstrated in both symbiont-
containing atrd symbiont-free tissues of seveml species of an-
imals with chemoautouophic  symbionrs as well as in the tissues
of some animals from sulfide rich environments which lack
symbion~.  1 I.-.-i The role of sulfide oxidation in 5niztl&
from reducing environments has recently been extensively re-
view~ I L ad is only  brieffy reviewd  here. In U tissues.
(without symbionts) it bas been proposed to serve a protective
function, by oxid~ing toxic sulfide species to thiosrdfate. 11 .m.’i
In animals with symbionrs its role appears much more cwmplex.
in some chemoautotrophic symbioses it is found in the sym-
bionts as one would expeet.a  Sulfide oxidation enzymes lo-
cated on the peripheral tissues of symbiotic species from high
sulflie  environments ap~ to serve the same type of prote-
ctive fimction as similar enzymes in nonsymbiotic  Species.a
However the recent dernonstrasion  of sulfide oxidation coupled
to ATP prdxtion in mitoehondria from Sobrya reid indl-
cases that anirnaf tissues may derive energetic benefits from
this oxidation as wefl.”  Furthermore, carbon fixath  by the
symbionrs of two Sokrrrya species and Bathyrnodiak  dser-
rrrophik  is stimulated by thiostdfate (and not sulfide in the
case of B. rhsmrophifus), and relatively high concentrations of
thiosuffate have &en detnonsuated  in the blood of two sP-
ties.~.’=s Taken together these &ta  support the possibility
that thiostdfate is produced in the animaf tissues of these sym-
bioses (via sulfide oxidaae) and transported in rhis nontoxic
form to the symbionts  where it SWeS as elecuon donor, fueiing
chemoautotrophic carbon fmtion. In conclusion, sulfide ox-
idas-e activi~  is a good indkator  of an animal’s exposure to a
reducing environment containing elevated sulfide levels, but
is not a reliable indkator  of chemoautotrophic symbioses.

3. Enzymes of Inorganic Nitrogen hfefaboiism
The ability to assimilate inorganic nitrogen sources such as

nitrite or niaate  is restricted to autotrophic organisms. - Nitrate
rductase (EC 1.6.6.1) catalyzes the reduction of niuate to
niaite  and nirnte reductase (EC 1.7.7.1) carafyzes the for-
mation of ammonia from nitrite. Activity of either of these
enzymes is indicative of the presenee of either chertsoautc+
uophic or photoautotrophlc organisms. Therefore, like * en-
zymes of the Cafvin-Benson cyck, significant activity in hibkars
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where photoaulotrophy can be ruled out IS a strong indica[or
of chemoautotrophy. If this activity is m a tissue where the
possibility of contamination by free-living autotrophs is neg-
IIglble then th]s  IS srrong evidence for the presence of sym-
blorrrs. Activity of &srlt of these enzymes of nitrogen metabolism
has been demonstrated in the tissues of some animafs with
chemoautotrophic s ymbionts.  9.22.47

The ability to fix molecular nitrogen is limited to prokaryotic
organisms. The enzyme responsible for nitrogen fmation, ni-
trogenase (EC 1.18.6. I ) has not yet been demonstrated in any
chemoautotrophic symbiosis. However. the negative 5 lSN vaf -
ues found in some chemoautotrophic and methanotrophic  sym-
bioses are suggestive of molecular niwogen  as the nitrogen
source for these symbioses (see Section fl. C. 3. ), and work is
currently underway in several laboratories investigating this
possibility. Dertmnswation  of nitrogenase activity would be
strong evidence of a symbiosis with nitrogen-tixiig pmkatyotes,

C. Lipopolysaccharide
Lipopdysacckaride (LPS)  is a cmnponent of the outer cell

wall of g-ram negative bacteria and occurs naturally only in
these bacteria.a The presence of appreciable levels of thk
compmnd in the tissues of a marine invertebrate is therefore
gmd evidence for the occurrcncx of symbiotic gram negative
bacteria. Assaying for LPS with the tirrudus amoebocyte lysate
tes~’s is a straight forward spectrophotomernc procedure,
which was used by Cavanaugh et al. 10 in their original dem-
onstradon  of prokaryotic s ytnlionts in Rifiia pachyptila. It
should be remembered that this test only demonstrates the
presence of gram negative bacteria and does not address their
nature (chemoautotrophic or otherwise), tftercfore additional
tests such as enzyme assays are neces~ before one can con-
clude that the bacteria are in fact chemoautouophic.  Further-
more. the amount of M% detected in association with a specific
tissue should also be noted (especially in the case of tissues
such as gills which arc in constant contact with the external
environment) so that one can distinguish between large num-
bers of bacteria such as one finds in chernoautotropbic sym-
bioxs,  and activity due to contamination of the surface of a
tissue. Since most marine bacteria, and alf chernoautotzophic
symbionts  so far investigated appear to b gram negative, and
since LPS accounts for a relatively constant proportion of gtatn
negative bacterial cell walls, this assay has potential not only
in the demonstration of symbioses, but also for quantitation of
symbiont biomass. In fact, recent work has demonstrated that
this assay is proving quite versatile in that regard with a number
of different types of marine invertebrme-bacteriaf symbioses
(personal communication C. Cary,  Scripps Institute of
Oceanography).

D. Stable Isotope Ratios
7. Carbon

The stable carbon isotope composition (3’3C%)  of animal

tissues has often been used [o examine [rophic relationships
between organisms since the isotopic fractionation of carbon
between an animal and its feed source IS relatively small,
usually about — [%. ‘“ Chemoautotrophic  symbioses are well
suited for investigations of this sofi because these symbioses
utilize novel sources of carbon (for metazoans),  with distinctive
stable carbon isotope composition. Stable carbon isoto~  ratios
have ken used to suggest whether a marine animal’s carbon
source is photoautotrophic (aIgae usually range from -12 to
- 24%+  with exceptions as high as - 6%.),s3= chemoauto-
trophic (513C = -23 to - 47%),  e.7.m.MsS.s7  or meti~orophic
(&3C  c – &), MsS4i although this distinction does not hold
for an organism utilizing a very heavy source of thermogenic
methane, or a light source of carbon dioxide. Stable carbon
isotope vafuea have afso been used as evidence of carbon trans-
fer between symbiont and host (see Section V). This tool  has
already provided a wealth of information on chemoautotrophic
and metbanotrophic  symbioses, but care must be taken in the
interprcmtion of these data because many factoti affect the
stabIe isotope composition of animal tissues, particular y in
autotrophic symbioses.

Tle  stable carbon isotope composition of a sample is usuafly
expressed relative to the PeeDee belemnite (PDB)  standardz
where

8“C  = {[( ’%wc)~(’3u’Q_J  -1} x 1(P (%)

Thus a negative number reflects a sample enriched in ‘W rel-
ative to the PDB standard and a positive number, a sample
enriched in “C relative to the standard.

71se reason that 6’%2 measurements have proven to be useful
in the study of chemoautom pbic symbioses is because the
syrnblonta prefem@Uly incaporate  isotonically light carbon
during cheatoautomophic growth. This is due mainly to sig-
nificant fractionation of stable carbon isotopes by sulfur-xi-
-~

-  -Cbtring tbefixadon ofinmganic
carbon into cellular organic carbon. Ruby et af.% have recently
_ h+rge Stabk carbon isotope fractionaaon by cultures
of two species of sulfur-oxidizing bacteria during chemoau-
totrophic gmvth.  In their experiments the ~*3C of the cellular
carbon in a stmin of Thhni.erospira  isolated fim the Gala-
pagos hydrothermal vents and ThiobociUu.s  ruapoiitanm was
depleted by 24.6 and 2S. l%o, respectively, from their inorganic
carbon souro%  llds is the onfy direct measure of carbon isotope
fractionation during cbetrsoautotrophic  growth by sulfur-oxi-
dtig bacteria aftbougb there is some evidence that other che-
moautotrophic bacteria may fractionate carbon by as much as
30% or more.e Ftdser stuck on isotopic fractionation by
free-living chemoautotrophs  are nded and will contribute to
our understanding of tbe phenomenon in chemoautotropbic
symbioses.

Although stable isotope data are very useful in the study of
chemoautotrophic  symbioses, there are a number of consid-
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erations which should be kept in mind when evaluating thlj
type of data. These considerations fall imo three basic cate-
gories, which areintemelated:  thecarbon source 5’3C, sourcej
of isotopic fractionanon, and carbon limitation.

The 5’3C of total dissolved inorganic carbon (ZCO:) in sea
water is typically around 0% but varies slightly in differem
waters and in the same bodies of wa~er at different times. >
Furthermore, there are quite signii%ant  differences in the 5 “C
of ZCO1 in the pore water of marine sediments. Spiro et ai. ss
measured the 8‘ ‘C of pae water XC02 in the sediments of the
Bay of Biscay (17CKI  m) and found it to be -17.8 Y 3.3%.
Presley and Kaplan’ $ report sirnilaz  valuti  for rhe ZC02 of
near-shore sulfate-reducing sediments off California. It is prob
able tha~ sirniiaz depieted values will be found in pore waters
of the sediments in rrtazry of the environments where che-
moautotrophic symbioses occur, particularly when those pore
waters contain dissoived  methane (see Section IH. E. 1 e.). This
variation of 5*3C of inorganic carbon in different environments
will k reflected in the 8*3C of the tissues of chemoautorzophic
organisms and symbioses from tbae environments.

In order to determine the isotopic fractionation between an
inorganic car+mn source and the organic carbon of art animal’s
tissue it is necessary to know what the inorganic cazbon sout-a
is (COZ  or HC03 

- ) as well as tbe WC  of that inorganic carbon
source. The ~’3C values of the two probabie inorganic carbon
sources for chemoautomophy, COz and HC03 

-, are not qual
in a given body of water. This vatiadon ranges from 9.2 to
6.8% over the temperature range of O so 30°C, with CO, being
the more negative, due to disaimination  during quilibration
between COZ and HC03 

-.* Tk species of inorganic carbon
taken up by invertebrates widr cbemoautotroph.ic  symblortts
has not been determined and may wefl vary in different species.
It is well documented that C02 is the species freed by RuBPC/
O in the Calvin cycle, but as that enzyme is found within the
cytopiasm of a bacteriaJ cell (which in the case of most of the
symbi~s  discussed hem is iccated inside a vacuoie within a
host cell) the inorganic caxbon must first be taken up through
at least two membranes. If COz is tfte species taken up from
sea water then diffusion across the unstirred fayez of water
immediately adjacent to the site of uptake would pfay a role
indiscrimination against ‘W, wbicbeouidhcas~ss - 11%
(see Smith and WaikeF  for so extensive lreattnent of this
subject). Furthermore iced  depletion of COz would affect the
isotopic quiiibrium  between COl and HCOj  -.x If HCO,  - is
the species used then diffusive i.imitation might still affect the
isotopic composition of the bicattronate reaching the site of
uptake where one would expxt a fudw discrimination since
this charged species woufd presumably be actively transpoti
across tie host celi membrane.” This effezt is compounded in
symbiotic associations where the inorganic carbon must often
pass through several membranes and diffitse through appre-
ciable cytopiasm  before Mching the site of fixation. Therefore,
even if the carbon species taken up by the association, and the

&’3C of that species is known, there are other ;nterrnedlate  steps
during incorporation of the inorgimc carbon that cm affect the
final S’5C of the animal’s tissues.

Once the inorganic carbon reaches the site of fixation there
are additional factors which will affect the ievel of discrim-
ination at this key point. Different carbon fixing enzymes dis-
criminate to different degrees. and the primary carbon fixing
enzyme must be known for adequate interpretation of isotopic
data. [t has been suggested that the initial carbon fixation step
is not by RuBPC/O in IXXI’I Rijlia pachyptifa  and Lucinomo
aequizonora, but rather that inorgrmic carbon is incorpomted
by the animal (not the symbionts) into four carbon compounds
which are ultimately decarboxylated and the COZ  refixed by
the symbionts through the Calvin cycie in a manner analagous
to c-$ planers.* ’,*

Temperature can also affect isotopic discrimination at tie
ievei of carkm  fixation. Higher temperatures reduce the dis-
crimination of RuBPC/O against ‘3C.w.m This point shouid be
considered when comparing animafs from different habitats,
especially when hydrothermal vent organisms are compared to
their other deepwater relatives.

Enzymatic isotopic discrimination is also direaiy  affected
by substrate availabiii~.  in fact discrimination will only occur
if a substrate is not liting, because under conditions of sub-
snate limitation the majority of that substrate will be consttrnd
(subject  of course to the IQ of the enzyme for that substrate).
This has been conf~ for RuBPUO and phosphccnoi-py-
CUVW  ~XyklSS @~ G3t+30Xj’k)  by Bezty and Troughton71
who found no isotopic dewbbmu“on by either C-3 or C-4
plants when grown under conditions of carbon limitation (in
closed cau.ainera).

One remit  of ail of the akove vaziabies is rhat similar 513C
values cart ix found in different species due to dissimilar
isotopic discrimination events. one  example of this is the
two vety different symbioses, the alvinellid polychaete Alvi-
rrelfa ponspejonu (61% = -9.6 to - 11.2%) and Rl@u pu-
chypti&  (fi13C  = –9.0 to - 13.3%), both from hydrothermal
ven~. 73.34 me ~l~vely ~V vafues for Rifria pachyptifo

have been attributed to substtate iiiration of the intzaceflular
symbionts for inorganic -n,= a situation which is unlikely
for the epibiodc syrnbionts of the alveneilkis. bother exampie
iacutaildy tf—leme&zW@U c mytifid hotrs the Lottisii Slope
(5’3C = -40.1 to - 57.6%0),~ the pogonopitrms,  Siboghrum
ar.knticwn and S. ebruzni,  from Norwegian Fjords and the Bay
of Biscay (6’3C = -44.6 to - 45.8%xJ,s~ and the ve.wimen-
tiferan with chemoautotrophic  symbionts, Escorpio lorrriruzro,
from the Florida Escarpment site (5’T = – 42 to - 47%).s775

Another result of the many factors affecting the stable iso-
topic composition of azr animal is that one can ex~t to fmd
a range of b’% vafues in similar or identical chemoautotrophic
symbioses from dltit environments. A dramatic exarnpie
of this are the 811C vafues repotted for vestimentiferans (with
chemoautotrophic  sulfide oxidizing symblonta)  from different
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environments, Hydrothemrtal  vem vestimentiferan  8’ ‘C values
rwrge from – 9.0 [0 - 15.0%#””6 and the 3’ ‘C values re-
ported for vestimentiferans from the Louisiana Slope and the
Florida Escarpment are all less than - 27%c.  “’s In fact. with
the orgamsms  from the Louisiana slope.  where the most 5’JC
dem-rninanons have been made. there is a relauvely wide range
of 8“C values within a given species. 5’3C of soft tissues (not
tubes or shells) of the lucinid Pseudomihhu sp, ranged from
– 30.9 to - 37.7’%, of the methanotrophic mussel from -40. [
to -57.6. and of the vestimentiferan bmellibracltia  sp.  from
-27.0 to - 43.2%J.M This variation in 513C within a species
may reflect a larger habitat diversity (with respect to both
sulfide concentrations and the 513C of inorganic carbon) at the
Louisiana Slope than in other habitats where these symbioses
are found, but is also a reflection of the larger number of 5*3C
determinations from this site.

Yet another possible pitfall in the use of isotopic evidence
for the demonstration of a chemoautotrophic  symbiosis is that
an animal which feeds on a chemosynthetic organic carbon
source will have a tissue 8i3C which reflects that carbon source,
even though that animal is not itself chemoautorrophic. Orte
exampie is the polynoid scale worm, Branchipofynoe sym-
mytifi&,  which is commensaf with the hydrothermal vent mus-
sel, Badrymodiofus thermophifus.  The polychaete apparently

does not contain symbiotic chcmoautotmphs  but its tissue S “C
( –33.0 to -37.8%) reflects the 5’W of its host mussel (-32.4
to – 36.0%0).’5  Other apparent examples of this are the pred-
atory neogasrsopod  from the Louisiana Slope, with tissue V’C
as low as -32. 8% in individuals collected from the vicinity
of active seeps ,77 and a trochid gastropod from the Florida
Escarpment site (8i3C  = - 59.7%).’5

In concession, evidence based on stable carbon isotopic com-
position while suggestive, is by itself insufficient for the dem-
onstration of a chemoautotrophic  symbiosis, and afl possible
sources of fractionation must be considered when making phys-
iological and biochemical conclusions or comparisons based
on this ~ of data alone.

2. Nitrogen Isotopes
Like carbon, stable rthogen  isotope ratios (6]SN%)  have

been used to indica{e sources of nitrogen and trophic relation-
ships belween organisms. The stable nitrogen isotope com-
position of a sample is conventionally expressed relative to air,
where

31~N  = {[( ’sN/’4N)~(’5N/’4N)J  -1} X I&(%)

Typical marine values in biological samples range from 5 to
15%  Substantially lower &lsN values have been reportal  for
animals with chemoautotrophic  and methanotrophic  sym-
bionts. Reported 8’SN vrdum  for the hydrothermal-vent species

r?ifria pach~p~ila,  Calyptogetw  m.~nlflca.  and Ba[h,vmodtolus

fhermophifus  are 0,04 to 5.270c.  2.  ! (o 4. WC<, and -8.7 10
+ 6.8%0, respectively  .’”’”’g’q The b“N values of chemosyn-
thetic and methanotrophic symbioses from the Florida escarp-
ment range from -9.34 to - 2.72%0’s and similar animals
from the Louisiana Slope are also quite depleted m “N ( -12.9
to 7. l%o). M These low fi’5N values are possibly due to assim-
ilation of isotopicafly light nitrate or ammonium by the sym-
bionts or, in the case of the very negative values, perhaps

fixation of Nl;~45.7.m.S1  however. NI fixation by a chemoau-
touophic or methanotrophic symbiont  has not yet been dem-
onstrated. Whatever the source of the low 5 ‘SN values, the
correlation of these values with chemoautouophic and meth-
anotrophic symbioses indicates that stable nitrogen isotopes
may also be useful indicators of these symbioses, subject to
many of the same types of consuaints  outlined earlier for carbon
isotops.

3. Stable Suffur  kotopes
The isotopic sulfur composition (5%)  of reduced sulfur in

an animal’s tissues is related to the source of the sulfur. The
stable sulfur isotope composition of a sample is conventionally
expressed relative to sulfur in Canyon Diable troilite= (ctd
standard), where

8% = {[(w’s)~(w’s)m ,-] - 1} x 103 i%)

Organic sulfur. desived from assimilatory reduction of =water
sulfate reflects the 5% of the sulfate, as there is Iittfe discrim-
ination associated with this process.””u Sirnilarfy,  drere is ap-
parently little dismimimdon of stdfrtr isotofm associated with
hetcrorropttic P30CCSSCS. =.M w [=ge5t reported  biological ko-

topic discrimination is associated with microtial reduction of
sulfate to sulfide and can be on the order of - 50%$0,  afthough
the magnitude of d-nation  associated with this prccess M
affected by a number of v.stiables (see Cltarnbem and Tmding#
for review). On the other hand there is very MC  frac60mtion
associated with atiotic  sulfide production (tbcrttraf decompo-
sition of organic matter). The 6“S of sulfide is therefore quite
variable in the marine environment. Since the 8% of the tissues
of animals with chemoautotrophtc symbionts seems to reflect
the 6%3 of their sulfide source,m-ti rhis measurement can be
used to infer the origitr  of the sulfide oxidized by the syrn-
bionts.ws’ This observation is especially cbr cut when the
6%3 of the elementaf auffur (derived solely from symbiont
sulfide oxi&t.ion)  in the animals tissue is analyzed. = However,
animals with symbionts are not the only animals that can ox-
idize sulfide” and animals without symbionts from high sulfide
environments ,rnay also have 5% vafues that reflect the 3%S
of sulfide from that environment.=””  Therefore, because of
the variability of the end members in the marine envlronrnen:,

404 Volume 2, Issues 3,4



Aquatic Sciences

and the fact that animals without symbioms can Jlso oxidize
sulfide. 5US values of animal tissues are of Iiule use In [he
demonstration ofchemoautotrophic  symbioses.

E. Elemental Sulfur
The presence of elemental sulfur has been demonswued

either  analytically or Inferred visually for a large num-
ber of animals which contain chemoautotrophic  sym-
bions.’ 1.S2w.3’.U.’’m.m.@ Elemental sulfur has also been found
associated with a variety of free-living sulfide oxidizing che-
moautorrophic bacteria.-~ lt h= ~n suggestd  that elemer3-

tal sulfw may serve as a reserve energy source for the syrrrbionts
in some chemoautotrophic symbioses.w Regardless of whether
elementaf sulfur serves an energy storage function, is a result
of sulfide detoxification, or is a byproduct of sulfide oxidation
by the symbionts, its presence has been demonstrated or in-
ferred in so many associations that it must be considered a
good indicator for chemoautomphic  symbioses. However, the
presence of elemental sulfur is not sufficient for the demon-
stration of a chemoautotrophic symbioses because it has afso
been found in the body wall of some ‘ ‘thiobiotic” worms .9J
The absence of elemenrd sulfur should not be considered neg-
ative evidence for a chemoautotrophic symbiosis because its
presence is variable and dependent on the physiological state

of symbiorrts. 11.s437.74.?9.2.s.91 .%.9s

F. Animal and Tissue Physiology
As investigations of these symbiosa  progress, physiological

studies are providing some of the mat conclusive demonstra-
tions of furtctioning cbernoautouophic symbioses. Examples
of this type of work are experiments that demottmate  stimu-
lation of carbon fmation,  in live animafs or tissues, by a reduced
sulfur compound,43 .ti.w ~x.~en~ which demonstrate  net

uptake of inorganic carbon in the presence of reduced sukfut
compounds,”  and experiments which demonstrate growth of
symbiont<ontaining  animafs provided with only bacterial car-
bon and energy sources. - These studies are reviewed in the
appropriate sections on the different host groups.

G. Host Anatomy and Habitat
The gross anatomy of the host is not direct evidence for or

against the presence of a chemoautouophic symbiosis, but the
host artatomy (i.e., lack of a gut, hypertrophkd  gills, reduction
in particulate feeding ability, etc. ) often suggests the presence
of some kind of a nurntive symbiosis. Sintilarily, the hosts are
often limited to habitats where the substrates necessary for
chemoautcmophy  are ptsent,  suggdrsg  a dependence on these
subso-ates.  These arguments are detailed in the s.wtion on cur-
rent evidence for nutritional exchange (Section V) and are only
mentioned here because rhe same arguments have been used
to support the existence of some chanoautotrophic symbioses.

Ill. H O S T S

The taxonomlc  range of inveflebraw  hosts harboring. che-
moautotrophtc bac~enal symblorus  is proving to be qut~e wide
All members of two  phyla (Vestimenuiera and Pogonophora)
are thought to harbor chemoautotrophic symbionts.  as are all
membem  of three families of the Mollusca [Lucinidae, Sole-
myidae, and vesicomyidae)  and one sub-family of the An.
nelicia (Phaflodrilinae). Chemoautotrophic  symbioses have also
been demonstrated in two other phyla of worms and three
additional molluscan families. The wide variety of hosts to
chemoautotrophic  symbionts all have one feature in common:
they must provide their symblorrts with the substrates necess~
for chemosynrhesis,  art electron donor. an electron acceptor.
and a souu  of carbon. For most of the symbioses 1 review
here the electron donor is a reduced sulfur species, either hy-
drogen sulfide or tiiosulfate,  the electron acceptor is oxygen
and the carbon source is carbon dioxide or bicarbonate. Be-
cause sulfide is both toxic to aerobic respiration and rapidly
dkappears in the presence of oxygen, the animal’s role in
providing their symbionts  with both reduced sulfur species and
oxygen is often quite complex. In the following section, I
review the pertinent facts concerning the current evidence for
chemoautotrophic  symbioses in tke different groups of inver-
tebrates, the host’s habits and rttorphologies, the ultrasmcture
of the symbioses and symblonts, and the physiology of the
symbioses.

& Ve.stimentlfera
As mentioned, the f~t described symbiotic association be-

tween chernoautocrophic symbiortts  and an animal host was
Ri@ pochyprifu.  she giant hydrothermal vent Nbc-worrn. Al-
though when this animal was fmt  described it was placed in
the subphylum Obturata in the phylum Pogonophota,g the Ves-
titnentifera are currentfy considettd by Jones to constitute a
~ylm.  mm s~l~y, ~-g-n and Montero’O’ h a v e

IXTS@ tit the oba pogonophorts desmwed  their own
phylum and proposed the phyium  Meaorteurophora, afthough
Phylum Vcstimenti.fers apparently has precedence. 102 South-
ward on the other hand continues to consider the Obturata a
sub-phylum of the Pogonopbora. based on anatomical sittti-
larities and new development evidence. ‘“’.’@ I fo[low the
taxonomy of Jones- in this review.
w Vestimentifem are alf found in habitats characterized

by active venting or seepage of pore waters (Table I). The
.teaaons for this restricted habitat may be explained by the
animal’s anatomy. Unlike bivafvea or the smafler Pogonophora
and anrtilids, the symbionts  in the Vestimentifera are situated
deep in the interior of a relatively large animal with no close
connection to the outside environment. Therefore, the supply
of all nutrients to the endosymblotic bacteria must be by way
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Table 1
Vestimentifera;  Collection Sites and Evidence of Chemoautotrophic  Symbionts

Speci6

Vcsumenufcra
Axonobranchla

Rif[iida
Riftildae

Riftia  pachyptda  Jones
Baslbmnch]a

Lamellibrachii&
Escsrpiidac

E. lammam Jones
Escmpia  spfcata JonM
Undescribsd  genus

Lamellibmchiidae
Ianwllibrachta  borhomi  Webb

L. Iu,vmesi  van da Land and Nersmvxog
L. victori  Mz6&Garz6n  and MO+SSSSQ
L. Sp.  (1’IUy  be L. hymefi)

Tewniida
Ridgeiidae

Ridgeia  phaeopkiole  Jones

R. piscessw  Jones

R. $p. (“’Sll!Ai!  ’”)

R. 5p, (“ring’”)

Tevssii&s
Tsvnia jeridummo Jones
Oosisia .aJvinae  Jones

Location Enzymes

Assorsed  H. T. V. Ru, R, Ar, As

Florida Escarpment Ru, AS

San Diego Trough Ru. .4s

Losmiana  Slope Ru. As. Ar

San Diego Trough Ru. AS

Oregon Sub. Zone
Guyana  Shelf
coast of Uruguay
Lcwsiana  Slope Ru, AX. N

Eadewour  Seg. of N%
AxiaJ .Scmsount,  Explorer and Southens

JFR
Ex@ses Ridge
Sousbsm  JFR

o

Sass  Pacific Rise. 13%J
Sass  Pacific Rise. 13W, 21?4

‘9.O1O -13.3

-4210 -47

-30.4s0 -41

-31.9

-2710 -37.4

- 9 1 0 - 1 5

+. + 9.10, 74, 105

+ 55. 7s
+ 17.31

+ + 3 4

+ 31.36

59
106
101”

+ + 34

& 107, 10s
+ 107.108

+ 107
Y 107, 10s

76
99

IVore:  Abbreviations: HTV-hydmrhernsd  VCOS.X JFR-Juan  ds Fuca  Ridge Ru-Ribuinsc  BisFIIosphass  arboxylasdoxygenaac:  R-RitnsJosz  5’ K.is%z% As-ATP
suifurjl-. &-APS  rsducra$e.  Esn-symbmss  tiized  by electron microscopy % - Appreciable elcsnensd sulfus  present  in ouphosorne

. Authors indiuss  * sysnbmss am nos  ~ bus algae os dgd s-. M ordy on light ndcrographa  (?)

Taxmmmy  according so Jcmesw.m

of rhe bkmd, which contairsa sn stbundant  hemoglobin tit binds
troth oxygen and sulfide simultaneously and reversibly. ‘B’*2
MSO unlike most other animals with endoaymbiodc chemoau-
tomophs,  the Vcstimcntifera uc pmsumahly immobile once
they have settled. The vestimcndfaans  must, therefors, be
exposed to both sulfide and oxygen simultaneously. As stsM&
and oxygen do not persist what hods ate present in a static
environment the tubewotms  must Iivs in an environment where
su~lde and oxygen arc conatantfy  being supplied, or form a
living bridge between reduced and oxic environments. RiJiia
puchyprila,  which is only fosmd  in areas with actively venting
hydrothermal fluid, lives with its phtmc exposed to mixed vent
and ambient water,”.]’3 and ~dY WCS Up both sulfide
arid oxygen across its plume surface. 11%114 This would seem
to bcthecase withothsrhydmtherd-vent vestimentifersns
considering their habitats, but may not be the case with sores
of the seep vestimcnafentna.  Investigators working with ves-
timemiferans associated with hydnxarbon seeps on the Loui-
siana Slope of the Gulf of Mexicon have been unable to detect

sulfide around their plumes at most sites and the highest con-
centration of sulfide detected near their plumes was 3 P.M.’”
It is possible that these worms arc taking up sulfide across their
tube walk  since they are often buried by over 1 m of reduced
acdiints.

The general body plan of ths Vesdmendfera,  as typified by
R@u  packyptila,  is shown in F@src 1. The following ana-
tomical description of the Vcstimentifera  is taken from
Jottca.w”lm.iw Vcadrnentifers  have no mouth, gut, or anus.

These are four easily recognized body regions in the Vesti-
mentifeta: at the anterior end of the worm is the obturacuiar
region which consists of a centml suppordng structure, rhe
obturaculum.  and the bcsrschisl plume, which is highly vas-
ctdarized and functions as a gas-exchange organ. Posterior to
the plums is a muscular region, termed tbe vsstimental region,
that saws both to asschor the animal in its tube when the plume
is extsndsd and to sscrets  the tube as tbc animal grows. The
wotm’s brain is located in the anterior part of the vcstimcnti
region and the paired genital pores of both sexes are located
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flGURE  1. Schematic drawings of lfiffia  pxhyprih  showing mapr body

reg[ons  and gross vascukrizarmo.  In- al right shows “‘bode brush”’ ar-
rangement  of capillaries found in each lobule of be trophosornc.  The hearl is
Iwatcd on LIX dorsal WSSd.  (Dsw@s  by R. E. fkhevaf,)

on fhe dorsal surface in this region. Behind the vestimentum
is a region which makes up the bulk of the worm, the trunk.
The trunk rapms horn the anterior to the posterior end of the
worm in alf described species of Vestirrtentifera except R. pa-

chyprifu.  Inside the msrsk is a pair of coelomic cavities sepaated

by medial mesenterk. Between mesenteries, and running the
length of the trunk, are gonads and the troptmsome. The term
uophosome  was originally suggested because ii was thought
to nourish the gonads 116 ~ ~ Pmvd to be even more *

propnate than the original authors imagined. In R. puchyptilo
the trophosome accounts for 15.3 * 4.9% (SE, n = 11) of
the animal’s wet weight. III It is now kDOWSS that the trophosome

consists primarily of symbiont<ontaining  bacterioq-tes, as-
sociated cells, attd blood vessels. the uhrastructure of which
is derailed next (Figure 2). At the posterior end of the worm
is a short region, termed the opisthosome, which apparently
serves to anchor the base of the worm to i~ mk and, in R.
pochypfik,  to secrete basal partitions inside the tube. The tube
off?. puchyptiio  is composed of a chiti proteolglycan/protein
complex 117 ad smunds tie _ IJp to fhe top of fhe ves-

tienrum. The worm is able to withdsaw completely into the
tube at will.

The ulttastructure of the mophosome of Rifiia pochyprifa has
been described by several investigators. Jones’w described the
circulatory system and details the vascrdarization of the tro-
phosome, which is surnmarid in the foUowing. Both Bosch
and G~@ ‘s”’9 and Han&’ descrik  the ultras~cture  of the
lobules of the trophoxmw  with emphasis on the disposition
and uhrasmscnsre of the symbionts and the possible roles of
the outer, symbiont-free cells of the trophosome lobules, The
foIlowing discussion draws heavily on their observations as
well as my own, and while it deals spechlcaily with R. pa-
chyprifa the @rIts  are generally tnse for the other vestirnen-

FSGURE  2  V~~ tmpkwme.  (A) Rifsia pdrypdfa.  L.Qw msg.
nifidoa  elearon mkmgmpbofaaection  Ofah@osOme l&uk. fsmer
~Of_ilIkkhOfOSi~h.  Pmnmdsifc  ofexmacsed
~sutfurvi5a!Ae asempry  vacuOles  mmanyofttse symbic&bamem.
Scvaal synsbmrs  indicad  by arrows. ““Tm@oshcd’  cms@ses ti upper
sigbr  Itatf of the mkmgnph.  fB) Rifbo pachyprik.  S-rlgbu m@3=Iim mi-
aognpbof  tqlmhmmcctl.wids  afewbaccaia fb)visabk  in$owerright
~ of mkmgra@.  (c) Udcntifd hY~ -. ~ m%-
nMcatimel~  mkmgs@s  0fap2stian  0fau@oaorm  10bufe. ASdscugh
ti-tiex~t,ksti~ntof~b~kti~  of
aicbk(i  miowezs ighrquadraal)to rhccdge  ofdsck&kiaevidcsm  A
n@ocluonse  ceIlkvkable  inrbc.pperkh-.  Scvaalkteria.
~ by asmwa, asad  a bacterscqe  nucleus by.. fFIgurcs  (2A) and fB)
from Sised.”)

tiferans  which have been examined  *~-108 (and personal
observation of two species from the Loui.skna  Slope).

Tsuphosome  tissue is a fragile tissue of gelatinous consist-
ency which is corqmsed of numerous weU vascularized  lob
ules, each about 0.15 mm in diameter.w”’m As noted. the
chemosynthetic  subsrmes  (H2S, 02, and Q) mqs~ by the

symbionfs in the trophosortte must be rransporwl through rlre
host. The most likely avenue for this is through the anirnal”s
vascular circulatory system (Figure 1). 111 The vascular hemo-
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globm binds sulfide “and oxygen  with high  atlinily  simulta-
neously  and reversibly  .’w’’0”2 Sulfide- and oxygen-laden
blcwd.  fresh from the branchial plume passes in[o  the trunk
region via [he ventral vessel. Blood passes from the  ventral
vessel through the afferent  trophosomal  vessels which ramify
over the surface of the trophosomal lobules. From these vessels
numerous capillaries arise which carry the blood into the center

of the lobules where a single efferem frophosomal  vessel runs
the length of each lobule. Efferent vessels from different lob-
ules come together and eventually join to either a blotd plexus
in the mesentery between the mesentetial and dorsal vessels
or directly to the mesenterial vessel “itself. The rnesenterial
vessel in turn is comected  to the dorsaf vessel where the blood
ffows back to the plume  of the worm. The result of this is a
high degree of vascularization  throughout the trophosome  so
that the bacteria in the uophosornc are aJl in a position to be
well-supplied with nurrierm and substrates transported by the
blood. In fact, vestimentiferan blood appsa.rs  to contribute to
the creation of ast environment in the trophosorne  with large
pools of sulfide present at low activity, an environment that
SJIOWS  quite high rates of chemoautotrophic carbon fixation.w
Convemely, the products of either bacterial ttastdocation or
digestion can be readily transported to otJter host tissues from
the trophosome,  via the vascular blood.

As noted, sulfide is rarely detectable (<3 @l around the
plumes of the hydrocarbon seep vestimentiferans in situ.”s The
highest leveI of sulfide that has been detected in the biomf  of
freshly collected seep vestirnentiferans is 147 @f,’2 which
corresponds to free (unbound) sulfide c.oncamkns in the
blood below 1 @f.W  They could, therefore, acquire sulfide
across their pi ume from very low environmental concenoaions
(in an quilibrium  situation at low sulfide concentrations. free
sulfide in their blood will approximate the environmental con-
centration) or take it up across their tube and lmdy wall. If
sulfide were taken up across the tube and body wall  of these
species, it Would be tmund  by the coelomic fluid which has
propmies  similar to the vascular blood. ’12 Childtess et af. 111
have demonst@ed that sulfide, ZCOj  and pH are in quilib-
rium in the two fluids (vascular blood and coelomic fluid),
suggesting ready exchange between the two fluid compart-
ments. SuIfide in the coelomic fluid could, therefore, be trans-
feree to the vasculas blood for trans~fi to the symbionts in
the trophosome. in this proposed scenario the role of the vas-
CUIU  biood would be basically the same as the role described,
with the only difference being  the site  of uptake of sulfide.

Trophosome  lobules have a complex bu~ well-defined struc-
ture.w’w’  “.”9  The central pofiion of a lobule is occupied by
bacteriocytes (cells which contain bacteria). The appearance
of the bacterial symbionts and the bacteriocytes changes from
the interior to the exterior of a lobule. Handw noted.an  increase
in average size of the symbionts of i?. pachyprifa  outwards
from the interior of a lobule. This is true not only for Riftiu
padnprila,  but also for several speeies of vestimentiferans
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from [he  Juan Dt Fuca  ll@e”” and for IWO swcies of vest,.
mentifmors  from the Loulslana Slope ( personal obsema{lon.
Figure ?). DeBurgh]o’ also notes an an[enor [o posterior size

gradient of symbionts within ~he  Irophosome of several species
from the Juan de Fuca Ridge hydro[hermnal  vents, and Powell
and Somero4  found antenor-postenor gradients of enzymatic
activity in R. p@vpfi/a  trophosome. Dlstei et al. ‘w analyzed
the 16S RNA of two individual R. ,mchyprilu  and concluded
that one species of symbiont  accounted for >90% of the i 6s

RNA in each (< 10% of a unique 16S RNA would not be
detectable by their methods), and that the two individuals con-
tained the same species of symbiont.  The symbionts within a
single species of vestimentifetan can range in dkmrseter  from
I to 9 ~m. ‘m The possibility that the size gdlents within
lobules are due to some interaction with the host (and not
unique to a speeific symbiont)  is suggested by the morpholog-
ical dissimilarity of the symbionts in different vestimentifemn
species (Figure 3). Based on morphology, there are three dif-
ferent symbionts in the Juan de Fuca worms  (one of which is
simiksr to the symbiont in Rifzia pachyptilo),’m and a fourth

symbiont in Louisiana SIOGC  vestimentiferans (mtsonal ob-
s&vation,  Figure 3). 1ss al~ of these associations them is the

flGURE  3. Veaimmuf“ enn symbioms. (A) Ridges ~. ..s~
symbiont””  of de Burgh a al.’- (B) Ridged  pucesue  Typicat  symbiom  form.
Ranges in size from 0.6 so 10 P in dknetsr.  R@a  @r&i& synbbnts.
(C) brge  symbioms from periphesy of Icbuk.  (D) Small symbionse fmm
eenrral region of same lobuk.  (Microgmphs  in Figures  3tA) ad (B) w-
‘@ep,wtd  by M, & Burgh and C. Sin@a.)

408 Volume 2, Issues 3,4



Aquatic  Sciences

same basic spa[l~l arrangement of small and large syrnbmn~s
within  a single lobule. WheIher this is due 10 a metabolic
gradient as suggested by Handw or “developmental stages’”
of the  symbron[s  as suggested by Bosch and Grasse, ”g the
presence of this phenomenon tn diverse vestimentiferans and
their symbionts suggest  that n is due to a considerable degree
of incegrmon  between the symbiotic partners.

other aspects of the “developmental suges”’ have been noted.
Hand% obsetwed  that the amount of elemental sulfur deposits
in the symbioms decreases with distance from the center of the

- I w note the degeneration of thelobule, and Bosch and Grasse
symbionts towards the margin of a lobule. The French authors
go a step further and describe four stages in the “evolution’”
of the bacterioc-ytes from infection (in the center of a lobule)
to the eventual digestion of the entire bacteriocyre towads  the
margin of the lobule. In the frrt stage the bacteria divide in
cells in the center of a lobule. In the stage two bacteriocytes
bah the bacteria and the bacteriocytes grow and are apparently
4‘ heaithy. ” In the third stage, bacterial Iysis occurs and there
are numerous degenerate bacteria and pseudomyelinic bodies
in the bacteria. In the founh stage all that remains of the bacteria
are “myelin-like bodies. ” (concentic  membranes inside a vac-
uole), and the bacteriocfies,  themselves, degrade. This lmt
stage oecum just inside the perifery of the lobule. DeBurgh  et
al. ‘m repon observations of bacterial degradation similar to
those reported by Bosch and Gms.41 “.’19 but question their
interpretation, suggesting that bacterial digestion may not be
quantitatively important to the host and may ordy represent
“cellular housekeeping’” within the txophosome.

The external surface of the lobule is covered by cells that
do not contain bacteria. This is termed the “’trophotheea” by
Bosch and Grasw’’t’” and the outermost iayer of cells are
called ‘ ‘trophochrornc cells’” by Handw (F@re  2). The inner
layer of the trophotkca  consists of metabolically active, non-
bacteriocyte ceIIs, which have been suggested to function in
the assimilation of the products of bacterial degeneration
(digestion). The outer layer (trophochmme  cells) is tightly
packed with at least three types  of m-embmrte-boutrd inclusions
that can be recognized with TEM (l%gure 2b). The function of
the= calls and the identity of the inclusions have not keen
determined. Hand notes the similarity of one type of inclusion
to mucus droplets found in goblet cells of intestinal epithelia,
and speculates that “the highly organized crystalline arrays of
material” in the most osmophilic grartuies may lx proteirt-
aceous. Bosch and Grass4 suggest that these cells may serve
an 4 ‘excretory function” and that the gmmdes are probably
1 ysosomes and contain waste pmducrs. Considering the prob-
able function of the trophosome. i.e., to supply nutritive crubon
to the rest of the animal, I would suggest the possibility that
the membrane-bound inclusions in these ceils (which are im-
mediately adjacent to ceiis in which bacteria are apparently
being digested) may also contain prcducts of bacterial digestion
or tmnsio-cation which are subsequently mobilized by the host.

II IS imtresting :,1 now (hs( [hc func; iomd morphology Or
the trophosome has cwsed  [w o mvest]ga[ors  [o sugges[  !hai
the  blood flow IS from [he intenor of a lobule outward (~he

opposite  Ot \vhat J\mes suggts$} Bosch and GraSSe  II* Suggesl
that the !rophoIi’teca  IS m con~xl wrth efferem blood vessels.
presumably c~ln~ the products of bacmml digestion [o the
am mal. Handw suggests that a gadlem of access to SUI fur
compounds may be the cause of the variation in the occurrence
of elemental sulfur deposits in the symbionrs.  This suggests
higher concentmtions of sulfide in tie interior of a lobule (ad.
jacent to the effertmt vessels) than in the exterior of a lobule.
a situation which one would expect to recur only if the blood
flow is from inside to out. These apparent contradictions are
a reflection of the fact that the study of this unique tissue has
only just begun and further work is required before its func-
tional morphology can be inferred with a high degree of
confidence.

Symbiotic chernoautorrophic bacteria have been demon-
strated in all of the Vesdmentifera  which have been examined
to &te  for their presence. Considering the worms’ anatomy,
blood properties, and the level of integration between the sym-
biont and the hosts in the studied species. it seems safe to
assume that all vestimentifera wiU be found to harbor che-
mosynthetic symbionrs in their trophosome. Table 1 presents
dte taxonomy of the described Vesdrrsmrifera (foUowing Jones~  “
aIong with the location from w’hich they have been collected
and cument evidence for the presence of symbiotic chemoau-
totrophs irr these animals. 1ss addition to the species shown in
the table there are several other undescribed  species, (personal
communication, M. L. Jones, Smithsonian institute). The bac-
teriaI volume in the rrophosotne of R@ia pachyptila has been
calculated to be berween 15 and 35% of the total volume of
the trophosome. a The levels of RuB Pr30 found in vestimen-
tiferan trophosome are the highest levels measured in any che-
moautotrophic  symbiosis.9-w”7’ Similarly, the amount of
elemental sulfur in trophoaorne tissue is often very high. Brooks
et al. w reports as much as 6.1 % of tbe wet weight of Lanrcf~
Iibrachia  sp. trophosome is elemental suliirr and levels as high
as 10.3% of wet weight have been measured in samples of R.
pachyprifa traphosome.’”

In addition to the evidence summarked in Table 1, a variety
of experimen~ have been conducted with trophosome  homog-
enates (containing intact symbiorm) that confrrm the che-
moautotrophic nature of tJte symbionts in Rij’iia  pacltyptila and
the vestimcmiferans from the Louisiana siopc. Fisher and
Childress’2’  documented sulfide consumption by the tropho-
some preparations from R. pachyprila.  Powell and Somem’”
have found ATP production to be stimulated by sulfide in cell-
free trophosome prepahtions.  Belkin et af.*3  demonstrated drat

sulfide, but not thiosulfate, will stimulate carbn fixation in
R. pachyprifa tropksmne homogenates, a fact that has been
cortfimwrf in our lafmratory (Fisher and Childless). Sulfide
stimulation of autotrophic carbon fixation by several orders of

1990 409



magn lcude  has recent] y been demonstrated u ith !rophosome
preparations from another vestimentifet-an  (an undescribed spe-
cies ofesca-piid)  using homogenates prepared mlcroaerobically
and incubated in dilute vestimeruiferan blood ,“7

The 8’lC values reponed for vestimenufans vary consider-
ably in different species.  as well as within  a single species.
Values ranging from – 27 [o - 43.2%0 for different individuals
of Lunrellibrachia sp. and -30.4 to -41 .O%C for individuals
in an undescribed genus of escarpiid have been repofled in
animals col[ectaf from hydrocarbon seep areas in the Gulf of

‘ Mexico. ~ hrdividuals of Escurpia /aminara  from the Florida
Escarpment cold seep communities range in 5’3C from -42
to - 475%. $7.’s This variation may reflect a variation in the end
member 8 “C of their inorganic carbon source, different ages,
andlor different growth rates, among other possibilities. What-
ever the cause of the variation between individuals of b
species, these values are in the range we have come to expect
from chemoautotnphic  symbioses. The orgardc carbon in Rff-
tia pachyptila  on the other hand is consistently much heavier
than other chemoautotrophic  associations. Rau’ published the
fmt 5’3C values for this animal and othets  have since conf~
the mnge of -9 to - 13.3% for tissues of R. pachyprifa.ti.”
The reason  for these heavy values in Rt@ia  pachyptifa  has ❑ ever
bear  adequately demonstrated but there are two plausible and
related theories which could account for this. One hypothesis
was put fowsrd by Fe1beek,9”67  who determined that the fmt
products of inorganic carbon fwation by intact animals were
the C-4 compounds succinate and malate which are produced
k“ the plume. He also found appreciable dem%oxylation of
malate in the trophosome. Based on these data and the pub
Iished 5“C  values, he (cautiously) fwsarfated  that R#da pa-
chyptila  may function like a C-4 plant, with the primary fmation
of inorganic cartxm occurittg at the site of uprake, into C-4
com~unds  that are then transported via the circulatory system
to the trophosome where they are decarboxylauxi and the C02
is refixed by the Cafvin-Bensort cycle. If the bacteria fm afl
of the inorganic carbon that reaches the trophosome, then the
only isotopic discrimination of carbon sbotdd  occur before and
during the initial f~tion step in the plume, and like a CA
plant, the stable carbon isotopic signature would h heavier
than if carboxylation by RuBPG’O  were the primary fixation
step. A second hy@wsis which would also account for the
heavier 6 “C vahm  is that Rijlio puchypnla  symbionta  are
carbon limited and, therefore, ftx vimtally afl of the inorganic
carbon s63pplied  to them. 7.73.M ~s Wou]tf  result  in little, or

no, isotopic diserimination at this carbon fmation step. Tlii
hy@tesis is supported by the high bacterial volumes in Rifiia
pachyprda,  its large size,  its high chemoautotrophic potentiaf
(as evidenced by RuBPUO  levels), the levels of inorganic
carbon m&sured in its biood, and the & of its symbionts for
C02.’6

Two recent developmental studies have found a mnsient
digestive tract in juvenile vestimentiferatts. ‘w”’u  An anterior
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ciliated opening leading to a presumptive gut and out through

a posterior basal o~ning  (~us) wss ob=’v’ed  by both g r o u p s
in the earliest developmental stages found. Neither group found
any “symbionts” in these early developmemal stages, and
Jones and Gardiner’l~ suggest that the future symbionts  are
acquired at this stage from the free-living bactertal population
of the surroundhg environment. Intermediate stages with bac-
t.aia present in the gut epitheliums were obsewed  by boti groups.

Cary et al. ‘u found no visual evidence of symbionts in TEM
sections of fresbfy released, positively bouyant, eggs of R,
pacityptifa. Although this study and the developmental studies
described suggest strongly that the symbionts are not trans-
mitted dtiy from genemsion  to generation, rhey do not rule
out the possibdity of transmittal of the syrnbionts in a cryptic
form as has keen suggested for the bivafve Solenrya reidi. ‘2’
TEM  (morphological) and 16S rRNA amdysis of the symbionts
indicate that associations with veatimentiferans am very spe-
cific. 119.’= Considering the highly-integrated obligate ❑ ature
of these symbioses, and the transient nature of hydrothermal
vents, it would be surprising if eaeh generation must rely on
the & navo acquisition of sytrtbionta tium the surrounding
environment. Indireet transmission of symbionts  would require
that the appropriate t%e-living  (future symbiont) baaeria pre-
cede the larval ve.stimendkratsa to each new vent site. a very
inefficient mats to assure colonizadon of these ephemeral
sites.

B. Pogonophors
As mentioned previously, the taxonomy of this group is

currently in dispute. While Jones considers the Pogonophora
and Vestirnentifera to be two separate phyla, Southward con-
tinues to follow the otiginaf divis& of the Pogonophora  into
two subphyk  the Perviata os ‘ ‘stttall” pogonophora and the
Obturata or large vestimentiferatr worms. The ve.stimentiferan
worms are dxussed  in the previous section and the small
perviate pogonophores are Covered here.

The small pogonophore.s are anatomically quite distinct from
their larger relatives. They am quite thi33, ranging from 0.1 to
3 mm ittdiameler  and from SOtoover500mm in length.’=
Over 100 species of small pogonophora  have been de-
scribed. *~”’n They inhabit tubes partially buried in sediints
or in rotfing wmrl, and have been collected at depths ranging
fkom 20 to 59S0 m.’= Due to their small size and lack of a
mouth and gut these worms were previously dtought to depend
on dissolved organic rnarter for nuttition. *mO’M After the dem-
onstration of chcmoautotrophic symbioses in the closely related
veaamentifera, the nutrition of this group was re-examined and
chemoautotrophic bacterial symblortts  were discovered in the
post-annular region of several species. In gross anatomy they
are more complex than the vestirnentiferans and their trunk is
subdivided into several distinct regiona (Figure 4A). The sym-
bionts are housed in cells (bacterioeyte.s) in a tissue homologous
to the vestimentifemtr  tropbosome  (Flgum 4). ““ me amount

,
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flGURE  4. SmaU ?rsgoqkuana.  (A) hgmnadc ~ Of I w
ical small pgoms-,  dram tim Msdwasd.lm  NOSC & ~ of
symbioms  M restricud to b posr annular *CM. @) S@l~ p-.
Low magnification miuograph  ofs @on of a secdaI tbsougb I& ~
region. Position of miaug@ is isulicated  in(l)) b, ~ bs. Ms
n. nucleus of bacmiaey% tt. u@050mc  haoea; w. ti~ ~. (0
SIbogiinumfiodicum.  Higher m@&auon&culsnmicmg@rof  symbimm
inmuinva  cuoles.sect iomuums ghrwooftltebactdal s@iontsidicamf
by b. fO) Scberrwic  dnwing  of a aoss-scctimi  ttsmugfJ  I!E postamsular  rc@6s
oft pagono@omn.  dram  fomn Sourbwssd.=  fOrawirISS  by R. E. KocfEv=.
hkogI-@  complements of CT. E. Soa$sm@

of trophosomal  tissue in the pogonopboms is much seduced its
comparison to the vestimentiferasss. Bactesiocytes are found
only in the pat-annular region of the trunk of the wotms, and
the volume occupied by trophosome tissue is estimated to be
about 10% of the totaf volume of that region in Sibogiimsnr
fiordicwn (Figure 4). ‘w In other species the relative volume
of the &ophosome  can be even more reduced, particularly its
males with developed testes. ‘m Even within the’pogonopboran
uophosome,  symbiotic bacteria can be relatively rare (F@re
4). lW Estimates of the volume occupied by the symbionts  in
pogonophores ranges from 0.3 to “less than 1.0%” of the

whole animal.’ ’01” The blood of all spectes  of small Pogon-

ophora so far examined contains hemoglobm  with a very high
affinity for oxygen, 132.133 which has been postulated to fU13Cl10fl

in transposing oxygen to the symbioms  m [he deeply buried

posterior end of the worms.
Symbiotic bacteria have now been wsualized in eigh[ species

of small pogonophorans (Table 2). Southward’ m presents nu-
merous electron micrographs and an extensive discussion of
the symbionts of small Pogonophora. The following descri-
ptions are taken almost entirely from thal work. The symbionrs
in all eight species so far examined are found in host cells
(bacteriocyres) and in all but one of these species the symbionrs
are clearly enclosed within host cell membties or vacu-
OIeS. Id. L~ IncidenM of bacteria within the bacteriocytes  ~ges

from “rare to abundant. ” The symbionts found enclosed in
host membranes in six spxies  of small pogonophore are all
morphologically similar (the other species with symbionrs in
vacuoles, ,S. posekiorsi, contains methanorroph~c  syrnbionts  and
is discussed next). The syrnbionts in these six species are Grarn-
negative thin rods, varying in diameter from 0.15 to 0.3 ~m
and from 2.0 to 4.8 ~m in maximum length (F@re  4D). The
cytoplasm in these syrnbionfs is moderately eiectron4ense and
sometimes contains small ribosomes or electron-lucent vacu-
oles. No host membrane casld be seen around the symbionts
in Scleroliman  bratrstrom.. Ile syrnbionts  in S. bratrsrrom”
are thicker (0.9 to 1.2 pm in diameter) and about 4 ~m in
maximum length. occasional intracytopiasrnic membranes are
sometimes se-en in these symbionts.

Conclusive dernons~tion  of the chemoautotrophic nature
of the syrnbiorsts in these worms was somewhat p+oblemaric
due to the small size of the animals and the relatively low
abundance of the symbionts within the worms. For example,
individuals of two of the ~gonophores studied by SouthWard
et id. ,33 Sibk@surn  jiordicsan and S. affunricwn,  ranged in
wet weight from 0.43 to 2.1 mg and 3.7 to 16.6 mg, respec-
tively. However, RuBPUO  and APS rcduc*  (SS varying
activities) have now kn demonstrated in the post annular
region of five species of small pogonophores  (Table 2). l~~s.i’i
Southward et rd.’~  also reported increased rates of c.asbon ftx-
ation in whole animals and isolated tissues of S. fiordicssm in
the presence of sulfide and tlsiosulfate  when compased to con-
trols incubated in seawater without added sulfide. However,
as pointed out by the authors, the levels of stimulation were
low and should be viewed with caution. The chemoautompbic
nature of some pogonophoran  associations is also supported
by their stable cartmn isotopic content. 8’3C values for S.
duuicum, S. jiordicssm  and S. ekani range from – 35.5 to
- 45.8% in areas where the vsdues for dksolved organic and
isrorgassic carbon m both tit -1 g%o.  13JUS

l%e small pogonophomn, Siboglinum  poseidow”,  harbors
rnethanotmphic  syrnbionts. The syrnbionts in this qmcies con-
tatn stacked intemsd membmne-s  like those commordy found
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Table 2
Pogonophora  With Indications of Chemoautotrophic  or Methanotrophic
Symbionts

Species ESIZJ m~ EM 6’.’C (%.) Ref.

D@obrachia  cupdkms  (Sourhward) + 130
Galarhealinum  sp. -30.5[0 -593 34
Olifobrachia  gracilts  (Southward) Ru(-).  S(+) + 13.33
.$ckolinu.m  fwarrwromt  (Webb) Ru(+).  s(+) + 33. 130
S{boglinum  angufwn  (southward & + I 30

Branegmf)
S akusrtcum (Southwsrd  & Southward) Ru(+).  S(-) + -43.8 IO -45.3 13, 33, 5s
S. ~ti (JZgersten) Ru(+).  S(+) + -4s.3
S. fiordicssm  (Webb)

13.33
R u B S  + -35.5 13.33. 13[

S. posekioni  (Fn3gel & taghof) MMcY + –73.6 tO -74.4 13. w, 134

A’me; Abrewationx  EM - symbionts  visualized by electron m-opy Ru- Ribuloac  btsphoapham  carboxylaad
oxygenasc:  S- Enzymes involved in oxidation of sulfur compounds (including ATP sulfurylase  and APS
reductaae):  MMO- Methane rnoncaygenasc.

“ Relative activities arc indicated low ( - ). tilum(  + ). high( + +).
0 Homogenates oxidize “C-Methane 10 “COz.

in type I methanotrophs. ‘d Both intact animals and homoge-
nates of the postannular region oxidize “C-merhane to “C-
organic carbon compounds and “COz.’~  The tissues of S.
poseidoni were also vety depleted in “C (Si3C from -73.6 to
- 74.4%).”  These pogorrophores  will normally die within three
weeks of culture in seawater, but have been maintained for up
to three months in seawater under an atmosphere of air and
methane. ‘w

Another “small” pogonophore has been collected from hy-
drocarbon seep areas in the Gulf of Mexico. ”.’ ‘S This pugon-
ophore is thin, like the other species discussed, but pieces of
individuals in excess of 80-cm-long have been collected by
otter tzaw[ (personal obsewations).  It has been i&ntified as a
new species of GaIathealinwn  in the pesviate  farnil  y Pol ybra-

chiidae (personal comrnursication,  E. Southward, Mar. Biol.
As=. U.K.). The reported 8’T values of from -42 to -48%
for tissue from this spies suggest that it contains symbionrs
which are either chemoautotrophic or methanotrophic. H There
arc reports in the literature of tissue closely resembling po-
gonophoran trophosome in two other genera of small pogon-
ophorans, Polybranctsia  and LumeUisabelfa. ~U Investigators
currently working on the small pogonophora have suggested
that trophosome tissue and the symbiotic habit are likely to be
tmiversal features of the phylum. ‘“.lm

C. Anne[ida
Two groups of arrnelids, one genus of poiychaete and two

genera of oligochaete. have hat described which harbor sym-
biotic chemoautotrophic symbionts. In bodt groups the sym-
bionts are exmacelkdss.  either on the epidesrnis or in subcuticular
regions.

1. Poiychaetae
The polychaete family Alvinellidae”s contains two genera,

both of which are found solely at hydrothermal vents. Alvi-
nellids of the genus ParisivineUa  do not hasbor symbiotic bac-
teria although the insides of the tubes of P. gramlei are often
heavily colonized with (appasentfy)  chemoautotrophic bacte-
ria.’% me 4 ‘pnmpeii worms”, Alvinelfa ponxpejana and A.
caudara,  both have numerous morphological forms of bacteria
associated with their epidermis (Figure  5). A. pornpejmra  ( = A.

pornpe~na,  forme hirssua)  and A. cauaizra  ( =A. pontpejana,
fonne cauaiara)  wem thought to represent different ontogenic
stages of rhe same animal when ftsst described, ’37 but are now
considered two distinct species.’~ The two species build or-
ganic tubes on zinc sulfide chimneys (“white smokers”), in
waters ranging from 20 to 4(TC.

The bacteria associated with the two species of Afvinefla  are
never ina-aeelhrlar although they am occasionally subcuticuf-
far. lm “Cluster-like” associations of rod-shaped, coccoid,  and
fdamentous bacteria are located in the itttetsegmentary spaces
of both species (F@re 5). Filarnentotss  bacteria are associated
with the numerous epidermic expansiona along the dorsd por-
tion of Afvinefla  pontpe~na. A. cmdata  is devoid of epidesmic
expansions, but its posterior prsmpods  are modified and covered
with a high density of fikmsentous  bacteria. Additionally, a
variety of mo~hological  forms of bacteria (rod-shapcul, pros-
tftecaded,  spiraled, and unsheathed filamentous)  are distributed
singly over much of the rest of the tegument in both
species. 19.n.lm

Enzyme assays indicate the presence of RuBPt30 both on
the “skits” of both species of Alvinefia and in homogenates
of tube material,’- and in sifu “C-bicarbonate incubations
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F I G U R E  5.  Wcmivic drawings  of  w hydKK&lld vent Alvincllid  po-
Iychaclu  (A) Ahkndo ~jana. kW  ~ ~~ xc PleSCllt  am
lhcm05t snlerior  pi0slofulcwcsrrB  (l) buldmsityo  fdleaggregates
inucasa on the  inurscgnxncal spaces in  the  H indisa?ed  by (2). A~gmcs
m*u*too Wq_ex~km titi@OOofti  _
hatf of k-c worm (wed  indiaud by 3). (B) Afvincfk  audoro. kity of
bacmn.al  a~gatcs in ti incsme~ w of areas (I) snd (2) am
sinulsr 10 A. pompejona bul itmusc in dsrlsi~ m m (3) of A. C-. A.

(4) m n-dit=lcd Snd &red  Wii lihESWS hb&&(K*5ASlid  B
m from &sbruytres  sad Laubii.q

indicate that at least the’ ‘cluster-like” associations of bacteria
have some chemoautocrophic  activity. “’ The same two studies
also indicate that some of the asaeciatcd bacteria are factdta-
tivel y heterotrophic,  based on phosplwnolpyruvate carbox-
~1~ actlvlty  I* ~d Up&e of 3H-t@rssidine  without =OCiated
l~c.bic~na~ incorpomtion @nvth  without autotrophy). “’

The nature of the intemctions  in these epibiotic  associations
is unclear. The 81W value measured in A. cauda  tissue
( – 11. 2%o)  is similar to those found in R. pachyprila tissue,
and the authors suggest that this implies a common numitiortal
source of carbon. n However, as discussed, the SW values of
hydrorhennal vent vestimentiferans are anornolous among che-
moautotrophic  symbioses and probably arc due to factors rc-
Iatd to the supply of -n to the irttracelhslar  symbionts in

B

the interior of fhe worms’ bales. Whether the similar values
in the two distinctly different symbioses are due to similar
causes, or the coincidental result of different causes, remains
an open question.

‘Ik worm’s anatomy suggests a mixotrophic  existcnee.  Both
species of Alvinef.fa  have a functional mouth and gut, and gut

content anaiyscs  indicate the ingestion of ~amentous  bacteria
and mineral pardcles.’%  On the other hand, there area variety
of tskrastnsctttml features which may be s~ializations for
exehitrtge of rttetaklites  berween the epibionts and their host.
These include disorganized collagen fibers and a highly vas-
culatizecl underlying epitheliurrs in some of the heavily colo-
nized intemegrnentasy zones, as well as thin filarnentous
stmctmes linking some bacteria to the worm’s cuticle.’9 How-
evcs, in situ labeling studies revealed no differenm in the
labeling pattesn between the two s~iea of Afvinelfu and Par-
a.ivinel.k  grossbi  (a species without symbionts)  after exposure
to ‘y-bicarbonate.  141 Eluci&tion of the nufrition of the two
species of AfvinefLz awaits fmher experimentation.

Several authors have suggested that the associated bacteria
may aiso serve a‘ “detoxifkation” function, either with res~t
to heavy metals, or sulfide. ‘9’” Whatever  ttx na[urc of the

I
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interactions between the panners in this symbiosis, the mor-
phological adaptations of the worms to their epibionts, the
abundance of the associauxl  bac[eria.  and the specificity of the
different types  of bacteria to the various regions of the worms
all indicate a significant functional interaction.

2. Oligachaeta
The oligochaete sub-family PhaUosMinae contains two

mouthless and gutless genera whose taxonomic descriptions
include symbioses with chemoautotmphic bacteria. These
worms all live interstitial y in mildly reducing sediments. The
gutless condition of Phafiodriius  leukodenmxus  ( = Inwsidriius
feskodenmxw)  was &sctibed  by Giere in 1979.142 Simulta-
neous] y five other gutless species in the Phrdlodrilinae were
described. ’43 Two years later  the presence of subcutaneous
symbiotic bacteria was demonstrated in P. kubrfermurus.  ‘a
Since then similar symbioses in a number of other gutless
oligochaetes have been describe.d.i’>’d On the basis of these
discoveries and the deacsiptiotts of 22 new species, Erst$us’”
m-evaluated  the taxonornic status of the gutless Phaflodrilinae
and proposed that the 38 species be divided into two genera,
the pm-existing im”aki[us  and a new genus, Okzvisa,  thus
leaving only species with guts in the other genera of the Phaf -
lodtilinae. The desctiptiorts of both gutless genera include rhe
presence of symbiotic bacteria (“Bcdy  wall densely granular
and chalky white due to presence of strbcuticuksr  symbiotic
bacteria. “)147

Inanid.rilus  leukodermatur  remains one of she most inten-
sively studied of the gutfess oligochaetes although Okvius
(= PhaI&&ilus)pknus  has also been investigated by a number
of authors. 16”1491= The symbionts in both species (and pre-
sumably in all species of tie two genera) am found in a sub-
cuticuiar spa= between the cuticle and the epidermis (F@re
6A). m dliclmeas of fbe WXcrial-aXttaining  laya varies along
the length of the individuals. In both speeies there two kinds
of (ususdl y) extracellular gmm negative bacteria (F@re 6B).
The large ones are genemlfy oval in shape and mwmre  about
2.1 x 3.3 P with some as long as 4.6 pm. The smaller rod-
shaped symbionts are about 0.5 X 1.7 pm and have a thicker,
rnultilayeti cell envelope than the larger symblortts.  149.1S Dis-
tribution of the two symbiottts  over the worms is non-random.
The larger symbionts are abundant in tie post-clitellar region.
becoming more mm towards the anterior end of the worm and
are completely lacking in the most anterior segments (segments
I to VII). The smaller bacteria are present in every segment of
the worm and am scattered between the larger symbionts when
they co+ccur.  ‘49.]= The syrnbionts  are es~iafly dense and
abundant in “genital pads” of the clitelfar region. Histological
studies indicate that the symbionts are dirwtly transmitted be-
tween generations. Giere and Langheld’X  conclude that the
symbionts of f. feukodermoms  -m transmitted from the parental
body to its eggs by external intrusion during oviposition. The

FtGURE  6. PhdWnlns“ &tirmaIsu.  (A) CmSS-*fM  StUUU@  the bdy
wau. shOwiag  klca3i0nofswo  Syplsof  bacterk  irllllesubcuridar  Space. c
u,codekeb,  ~ kterklb. fsrgc~lmlontp-
muscle; n epidumd  cell nucleu$s  b, small  bacraia.  (B) Higher magnirkmian
ekeuon  micmgqh  showing a single large  ad sevemf  small bsctaisd  sym-
bars. (C)  HigtaY  nsagoifbkn elemuo  -gaph of a lywsomc  from sn
C@ermsf  dt. (AWmgn@ comptitnenw  of O. Giere.)

source of the tmrtsmitted symbionta is apparently the bacteria
in the genital pOda.

A variety of results indicate that the symbionts  are che-
moautotropftic. The eruymes RuBPOO, ATP suffusylase,  sul-
fite oxidase and nitmwe reductase have been demonstrated in
tissues of Issanidrilu.r  ieukoderma!us and Olovius  pfonus.’*
Both RuBP carboxyla.u and nitrate reductase  are characteristic
of autoqhic  organisms. More recently slight thiosulfate stim-
ulation of COz fixation has been demonstmted in 1. leukoder-
mofu.s, although the high unatimuiated  carbn fixation rates
(29 ym g-’ h-1, mitigate interpretation of the resufts. ‘s’ X-
ray microanalysis indicates that the symbionts  contain sub-
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stantial amounts of sulfur reserves and biochemical analyses
I ndlcate  that the bacterial reserve. pcd yhydrox ybutyra:e  (PHB 1.
may  account  for as much as 10’% of the dry weight  of the
womm. ‘“”’w When carbon fL~ation  rates of “white”’ and “pale’”
worms were compared, much higher rates were reeorded  for

the “’white”’ worms, worms which the authors indicate were
replete with sulfur and PHB reserves.’si These results. com-
bined with the worms’ venical distribution and their  mourhless

and gutless condition, provide strong evidence for the che-
moautowophic  nature of these symbioses.

0. Other Worms
A variety of gutless worms which live itrterstitidly in re-

ducing sediments have been ~-examined by scientists since
the demonsuation  of chemoautotmphic symbionts in tbe Ves-
umentifera. As a result. worms from two addkionaf  phyla have
been suggested to contain chemoautotmphic symbionss.  A ne-
mamde, As/omonenro  jenneri  (Phylum Nernatoda), and a tur-
bellarian,  Paracazenuh  ssraniu  (Phyium  Platyhelrninthes)
contain abundant symbiotic bacteria in their cells, which may
be chemoautotrophic. 131 The ~tenulid  turbullarian, P~~a-
tetuda urania, eontairts abundant Grarn-negadve  _ about
2 to 4 ~m wide and up to 10 pm in lengrh, in -OISS  in
“gut nsdiment” cells. The Nematode, komonenra jenneri,
also contains abundartt Gram-negative procaryotic  cells inside
the calls of its I ‘gut rudiment”. However, there are two mor-
phological types of symbionts in A. jennerti srrtsdl, relatively
uncommon, rod shaped bacteria (O. 1 to 0.5 pm in length), and
larger oval bacteria (about 1 by 3 ~m in length). No host
derived membrane could be seen by the authors around either
of the symbionts in A. jenneri.  The symbionts pack the “gut
rudiment” cells in which they are found, and aMOUSU for an
estimated 25 to 50% of the body mass of the nermmode,. Ott
et al. ‘s2 suggest that the symbiortts  of both the nematode and
catenulid are probably chemoautouophic,  based on the sym-
biont morphology, the gutfess condition and habitat of the host.
and lack of an epidermis specialized for uptake of DOM or
POM in either host. While I agree that a chemoammophie
symbiosis does seem likely in these two worms (strd will likely
be discovered in other members of the suffide mciofauns as
welf), dernonsrration of the chemoautotrophic statue  of these
symbioses awaits further study.

E. Mollusos
Chemoautomophic  symbioses are proving to be widespread

in the phylum Molhta-ca.  Chemoautotm pttic or rttetltylouOphic
symbionts have ken ckarfy dcmottstmted in numerous species
of bivalves from five different families and in one species of
g~mofmd.  A listiig  of the bivalve specks which have been
suggested to contain chemoautotrophic aymbionts and t& cur-
rent evidence supporting these symbksea  is summwixd  in
Table 3. There are many similarities in the various aswciadorts
between mollusks and chemoautotmphic  symbionrs although

the behavioral, physiological. and morphological adaptations
differ in the various families. hr all families the symblonts  are
located in the gills. in the subfilamental tissue or its analog.
The symbionts  are intracellular in all families but the nY-
asindae. The bacteria are not found in ciliated cells but rather
in or associated with more or less specialized cells termed

. which ofin akemate with intercalary cells (which
do not contain bacteria) in the subfilamental  tissue. When in.

tsacellufar,  the symbionts are found in vacuoles within the cells,
not tire in the host cytoplasm. The number of symbionts per
vacuok varies in rhe different species. These symbiotic as-
wciadons am found in a wick variety of habitats with cons id-
exabk vai8.kn  in habhat ehemky.  These nmflusks  are mobile,
and aftkmgh some of symb!ont<ontairting species are found
in dynamic cawironments  where sulfide and oxygen are both
present (suds as active vents or seeps) most of the species must
bridge tbs interface between sulfide and oxygen with some
kind of a bebvioral  adaptadon.  These beha~oral resfnxtses
for the actpisition of bath sulfide and oxygen vary from family
to family, snd of course in the different environments.

1. Bti
e. L~

About Isalf of the described bivafve species with chemoau-”
totrophic symbionts are in the family Lucinidae  (Table 3). Ml
membas  C# this family which have been investigated for the
presertcs of symbkstic  chemoautmophs  have been shown to
contain tbessL and many investigators, including myseff,  be-
lieve this type of symbiosis is inherent in the family. ‘@.i--’~9
It has beers suggested that tbe symbiotic habtt may have been
the moat iqmrtant  factor in the evolution of the super-famify
~ snd the family Lucittidae. *W”lCJ Ltrcirtids are char-
aaerimd  by a greatly reduced gut, reduced labial pafps, ab-
sence of sn inettrrent siphon, and large fleshy @s,’c’  alf
d’tz ‘“” wIY~ with thsii symbbdc tilt.
~ bsve been collecled from a wi& mrtge of habitats

with dcptlss ranging ftum the intsrtidaf  to the deepsa.  They

have k enilected  from btb tropical and temperate oceans,
flom ~ which tangs from strongly rwki.ng  to only
s@htly SO.mO=C*=.*@  Collection of hrcinids and thyasfrids from
habi- wfsm  the &e sulfi&  eoncerm-ation is 1S than 1 P.M
dmmmdly expands the expxted  tange of chemoautowophic
Symbtosea.==”  10’

Ltrcinida & not have an incurrent siphon, and ventilator
water cmcsa  the anirnaf through an anterior “fecxliig  tube”’
formed dmuugh the subs- by the extensible foot (F@ure
~.’” Wka xtively vendlating  this is the route for the ac-
quisition of oxygen. Severaf methods have bmn proposed
whereby b clams could acquire sulfide. ReidL” has pmpserf
thas by ~ ventilation, the Iucinids may aflow sulfide to
aceumuke  m their burro~ which could then be taken up after
dffitsii ditcctly into the mantle cavity through the anterior
gape. K (ii not all) lucinid species also d= wi~  heir
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Tabie  3
Bivalves Wti Chemoautotrophic Symbionts

Sprcies

Lucini&e
Ancdontm philippi.ma  (Reeve)

Cmkkiu  Costaa (OItligmy)

C. orbiculati  (Li@)

C. (Clena)  orbidata  (Mantagu)
Linga  (Lucimz) pe!uuyhwnica  (Usrd)
.&wipes  kidis (lxwck)
LuCirul  Iwsda  (Cared)
L. malam  (Connd)
Lucinelb  d.itimra  @!m4
Lucinoma  ae~ (Scams)
L. annu&ua (Rccnz)
L. Izlanris (Mchsn)
L. borealis (Lion@
Myrrea rpin@m  (UOOtsgu)
PwvlhlciM  IW&iineaus  fruoaEy  & Holmes)
P. &NsiKclipra  (Cslpmtu)
Pseuabmilriu  (f.4ub@&i&5z  (H)
Pseudomihlu  sp. .

Solemyidac
So&my  reidi  (Bcmsld)
s. Wfesiano (ltedsk)
s. Vetm  (say)
s. sp.

ny!kidac
Th@ra  equafis  (Vacilt  & Bush)
T. j?ewosa MXlragu)
7’. gouldi  (Fllili@)
T. -“ &hilif@)

Vcsiccmyi&c
Calyprogenn elongara  (T&tt)
C. facibieri (Okumssi  & M&iw)
C. nwgtifia  (Boss& Tumu)
c. pllaawofq-  (u&iva U al)
C. ponderoso  (Boss)
VesicOm~  codara  (S0s5)
V. gigw (Dstlr

Myrilidsc
Bdpc&Okrhe?I!lO#&  (Katk&wbl

+
+

+

+
+
+

+
+
+
+
+
+

+
+
+

+
+
+
+

+
+
+
+
+
+
+

+

Ru
Ru
Ru. ,4s.  R
Ru
Ru
Ru, Ac. AS

Ru
Ru
Ru, W,  AS
Ru, A. R

Ru, k
Ru,  Ac. As
Ru
Ru. AS,
Ru. AC

Ru, AC. AS

Ru, As, k. R

Ru

Ru
Ru. AC, k

Ru. &, &

Ru,  AS

Ru. As
Ru. As

Ru. As

.5W (%4

-23.2 co -28.3

-23.0

-31.2to  -33.0
-24.lto  -29
-23.4 so -24.2

-30.9 to -37.7

- 3 0

-30.9s0 -33.9
-31

-29.3
+ 32, 163
-28.2t0  -31

-32.1 IO -51.6
-37.8 to -40.1
-31.2to  -39.1
-39.8

-30.5 IO -37.1

5

+

+
+

+
+
+

+

+

+

+
+
+
+
+

Rd.

153. Is-t
153, 1s4
22
1s4
22
1s5, 1s6
22
1S4
l%, 158
31.36, ss. 157
157
71
55.89
37, 55
153, 1s4
31. 1s9
47.88, 157
34

31, 35, u, 160
161
36, 162
59

32.163
32,55, 159, 163

32, 55, 163

88
164, 165
7, 31, 36, 59, 79, 166
61, 164, 165
34
M
31.36

6, 21, 4S

Norc: Atfeviszioss AC = AP8  Ruktasc. As = ATP Sdfurykc. R = Ribulosc 5’ kimse,  RU - Riilose bispt@sm *Xyh.$d
oxygeassc,  EM - Symbioms  visuakd by ekctroo ~y.~=~etitimtix tiw.

4 hrcocc@y  idssuiM ssL. ulsdola in References 31, 36,88.
‘ hlOmecdy idUni&d ncW3P10gencslxsci@  ioftefcsulces 31,36 @em00dc0nUnUn&ti0n R. T-, Huvud Mus. of Comp. Zool.)

extensible foot at least one, and oftmt many, small Nbc5 which
extend dowrt into the sshamte  from the ventral edge of their
sheIl ~lgure 7).’= Turner’”  has hypothesized that these tubes
may be the result of the clam using its extensible foot to obtain
sulfide from interstitial water in the underlying sediments. Cary
et al.=  demonstsatcd rhe existence of small ‘“pockets” of sul-
t%k rich sedmerrts in the muds COlonizd by Lucinonra  ae-
quizonara  (the muds contain gerrerally low catcentrations  of

/ sulfide) and Wpothesized rlmt the ckans may .ss theirfoor  to. .
4‘ search out and tap” this stilde source. Pat-vilucina telsuis-
cufpra  has a posterior bellows arrangement which Reid and
Bt-&d’s have suggested could sewe to ventilate the supra-
bmnchial chamber and thus provide sultl& to the symbiotsts
its rhe gills. Dando et rd.37 have noted that some Iucirsids live
in environments where fme sulfide concentrations are very low
(C 1 PM), but acid labile forms m more abundant (-700PM
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ffiURE7. ~a~ofa””~id’”ltiid-kmkm
Wanley”s X-nys.’@ Pcmanme ofexhalcntrutscas  wettasrbc
exrcnt of ex~v-  Mow & txmow  is vanabk  bawear  s@cs.
(Dmwing  by R. E. Kcctcw.)

dm3 of sediment), and suggd  that the clams might either
enrich sulfide production in their immediate .environzncnt
through the production of pseudof-s,  or utilii products such
= thiosulfate which result from the partial oxidatioa of the
iron sulfides its the sediments its contact with their feeding
tube. Additionally, Reid and Brarrd’S suggest that Iucittids may
use the sediment bound, acid-labile suffides, by ingesting the
sediient  into their guts where soluble sulfides are rebscd in
the acidic environment. Which one (or combiitiorr)  of these
routes for the acquisition of redtnd sulfur compounds is ac-
tually employed by the lucinids remains to be cxpimenrally
verified.

The symbionts of the lucinids are located in vacuoles in
bacteric+es,  found in the subfihsnentai region of rhe gills.
The number of bacteria per vacuole vtics between species of
lucittids. There is normally one bacteriusri per vacuole (occa-
sionally two) in Lucinofrra borealis and Myrtea spini~era .37.  ‘a
Giere”3 repons one or a few bacteria per vacuole in Arro&trtia
Philippians and three species of hcina  fivm Berniuda, and
Distel and Felbeck’57  repcm “tens” of bacteria per vacuole in
two species of Lucinoma  from California. Lucinid gifls consist

of a single large demibranch  on each side of rhe claim. In
L.ucinoma  aequimnara  and Myr[ea spinrJera  the gills comprise
about 35 and 23%. respectively, of the wet weight of the clam
soft tissues. ‘7.’s’ Lucimd gills range in color from pink through
red. and brown to a creamy beige. ‘S3.1S7’03 The ultrastructure
of the gills and bacteriocytes of a variety of Iucinids has been
described, based primarily on transmission electron micro.
graphs of the gill filmen~.’’.”’.’’’’  =.’o However, Distel Md
Fclbeck’s’ present a much more complete. three dimensional
description of the stnscture of the gills of three species of
lucinids.  This proposed three dimensional srructure scents com-
patible with all other published micrographs of Iucinid gills,
and therefore the following description (and Figure 8) is taken
primarily from that work. lm The outer surface of each demi-
branch is covered by a cifiated, ctenidial filament zone (CFZ)
which has a structure typicaf of euiamellibranch clams. Im-
mediately below the CFZ is a zone termed the transition zone
by Distel and l%bcek. ‘S This zone is at most a few ceIIs thick,
and consists of As which am structural y intermediate be-
tween the overlying CFZ and the bacteriocyte zone. Ceils in
the transition zone are not ciliated and do not contain sym-
b[ortts. The cells of the bactenocyte zone am arranged in tubular
stacks, termed bacferkxyte  cylirsskm (F@rre 8D). These cyi-
inders arc contitruass through the gill lamellae and allow the
free passage of sea water between the mantle cavity and the
interlamelkrr space, thus allowing vetrtifation  of all bactcrio-
cytes. Bacteriocytes am the domitsant  cells in this zone. The
size of tbe.bacteriocytes varies between species. Bactaiocytes
in four species of hrcinids from Bermuda arc bcnveen 12 to
20~h Wl@td6m44~  titilfi W1d Rhkt9
report bacteriocytea from Lacbronra aequizomta, L. antudata
and Lucirra  jloriakz ranging IYom 20 to 40 pm in dhtneter
and I%sher  and Han& report that the bactcrioc~ in L.. jlor-
iaknu range up to 60 pm in diameter. The symbionts  are located
in vacuoles in the externaf-most portion of the bacteriocytes
(closest to the central tiocyte channel), with the nuclei
displaced towards the o~ite end of the cells. ‘s3.im.te Mye-
lin-like figures are also visible in many bactericcytes suggest-
ing Iysosotnal digestion of senescent symbionw.’7’*=.’nS’”’=’=
Squeezed between the bulging bactetiocytes arc itrtercahry
cells (termed “normal” cells by Gknds>). Imetcafary cefls do
not contain symblonts and are coveted with microvifli 00 their
external surface. Several authors report that the b=terioqes
themselves arc also coveted by microvilli on theii external
surface and are directly exposed to sea water with either no’S3
or only partial coverage of the bactericcytcs by extensions of
intercalasy cells.’’”’- Other workers disagree and report that
the surfs=  of the bactesiocytes  facing the bacteriocyte channels
are covered by thin extensions of the intercalary cells from
which the microvi~i arise, and therefore the bacteriocytes  are
never dsrcctfy exposed to sea water.47-1s7 Since two conflicting
reports concern the same species,”” ‘S3 this difference in opinion
concerning microviWs and exposure of the bacterimym$ to sea
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FIGURE 8. LUC-  iwquimnaks.  Strwture of tbe @s.  (A) CJsro tisb
left valve  removed. (S) Tnoswrse 3ed333tbmugh  e3xirecl  Xnsr&point
of ao--pstior sxk. (C) Eakrsemem  of btock of SM dssw runod
tin) regioo indicated by box h (A). (D) Eakrsemcnt  of block  of @ *
-ed fmn !@OII indicated  by bOX in (C). U, =@iIx =id=SW bz.
kSeliocyle mMcf, e6mkiid  Gkn3atlS; cfz. cmSidid  filsmcmzooGf,  fuK
il. - landk itb. imerhmetkr t6idge;  its. inredsmdk st=%tbc.  w
b~~,~,kfib~m,~;o,-d.m=~
pa. posrerior add-, d, right demibrsndx  Sbc. Smatt b=t=kc@  CbsmM;
u., aansiacm  moe; v,vakwn.vkced m3SS.FigU3CgMf3W!0~~
Felbeek.’n

water may be due to fixation attifacts (such as shrktking of
intercalaty cells) as well as representing true differences be-
tween species. The proposed three dwnsionaf  structure, as
well as the generally ~gttized gifl SUUCtUre (with the cifiated
ceils on the external surface of the larneflae) has been suggested
to function in maixrtainittg a favorable, low oxygen tension
around the bacteria.47”1s3”is7

A variety of different sizes and shapes of bactcriaf symlionts
with cell wall ultmstructtsre characteristic of Gram-negative

bacteria have been reponed  in the Lucinidae  (Table 4). h-t
general  the symbionts  are fairly large and pleomorphlc.  A

number of different types of particles and inclusions have been
repcmed  in the symbionts  of the Lucinidae.  Elemental sulfur
(ofIen  represented by empty vesicles in TEM sections) is often

reported in invaginations of the plasma membrane of the sym-
bioms.3’=”’$’’’6 $’6$  Electron dense ptiicles tanging from 40
to 80 run in diameter are afso reported in many symbionrs and
various authors suggest these may be either glycogen particles
or clumped ribosomes37.1s3 or Carboxysomes.=  ‘s3 Other larger
granules visibie in the bacterial cytoplasm are suggested to
contain bacterial storage products such as polyphos-
phates. 37.1s3.163

b. MYTIUDAE

There are apparently four different species of mussel cur-
rently known to contain symbiotic chemoautotrophic or merh-
ylotrophic symbionrs. As of this writing only one of these has
been described taxonornicafly, &2rhynsodiofu.s  rhermophdus,
the hydrothermal vent mussel. 1“ Another mussel has recently
been discovered at the Mariana back arc basin’= and prehrrt-
inary evidence indicates that it may harbor chemoautotrophic
s ymbion~  (personal obsemation).  Two other spies of mus-
sds, one found at the Fforida Escarpment Site,= and another
from hydrocarbon seeps in ~ Guff of Mexico,n both contain
methylotmphie  symbionts. 12.1$ ~e~ two species are distict

(pemonaf communication, R. Turner, Hatward Museum of
Comp.  Zool. ), and rite details of their methylotrophic  sym-
bbses are cotiered in a later section.

Barhymodiolus  rherrnophilus was described from material
collected at the GaMpagos Rift. and publiihed rdtrastructural
studks  of the gills of mussels collected at 13TJ on the East
Paciftc Rise indicate that these are probably the same species,
with ulmtmctudy  similar symblonts.21”1”.1’4 Stable carbon
isotope valtra, 6.4S ~logi~ stu&$21 .173.174  em dy-

.sis,zI.sI.@  fi~~ Stimuhtion  of ATP productiotta  ad =-

bon fixation43”1-  afl indicate that the symbiotms in this muss-d
are chemoatttotropohic. However, the levels of autoauphic
enzyme activities, stimulated ATP production and stimulated
carbon fixation are quite low when compared to ofher vent
invertebrate-s with symbiodc  chemoatstotrophs  (see References
21 and 45). Reconcihstion  of these low activities with tie
abundance of symbionts its the mussel gills must await further
experimentation. Another anomalous fact concerning this che-
moautomrphic symbiosis is the lack of elemental sulfur in the
gills of all individuals investigated (n = 27, collected from a
vfie~ of in siru co~ltions).U  Although levels of elemental
sulfur can vary from undetectable to over 3% of the giIf wet
weight within individuals of a given speei~  of bivalve with
chemoautotrophic symbionts, to my knowledge this is the only
association of this serf its which elemental sulfur has not been
demonstrated, despite numerous attempts.

At hydrothetmd vents where B. thenrrophiius  is found it is
widely distributed both spatial] y and with respeet to water
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Table 4
Bacterial Symbionts  of the Lucinidae

spies shape h@h

Anodonl(a phdipprana

COddIa orbicuhris

.kcina coswa

L. jloriaima

L. multilineata

L. radians

fxinclb  divm”cam

Lcimma  aequizoncucf

L. LIMUh&

L. lwrealis

MyrIea  spinijera

Parvilncina  wwisculpara

oval
d
d
id
d and sphere
rod
oval
d
d
Ovat
rodandsfhcre
d
md to oval
oval
d
oval

1.>3.2
5.54.0

I -2
1 , 8 4 . 4

4 - 7
M

2.2—5.4
8.9

1 . 8 4 . 4

4 - 7
4--10
&10

4--9
- 3

Nore:  ASI dimensions arc given  ia pm.

‘ tncomcctly  identified as L aamdara  io Rekmnce  88.

chernistq’, although it has never been found outside the vent
en~ment.~s.i 76. I n These mwaels have been COfk@d tim
among tube-worms where water temperatures can reach 14*C,
from peripheral areas in a vent field where &th  temperature
and sulfldc anomalies were undetectable, and fmm a range of
fimm~la~ environments.-.  ‘7$ Their dkttibuti~  withitI the
vent field indicates that, unlike Ri@ia  pachyptilo  and  CidYp-
mgeno magnij%a  which both require rather specific conditions
of vent flow to flourish,74.m B. thermophik is able to aumive
under a wide range of conditions.- Their ahii so tolemte
this wide mnge of conditions has been explaiftsd bylbcit  abiity
to filter feed, an abiky fmt attributed to the mussels based on
anatomical studirs and gut content anafysis, *n.’* and later
verified experimentally. I- ~o~ ~wible  aoutce ti n~fion

for these mussels is up@cc of dissolved organics, and Fiala-
Mcdioni et al. *7’ have demonstrated uptake of Iabckd  amino
acids from relatively low environmental concmtra600s. Evi-
dence for differential incorporation of organic carbon from the
b-et sources available to tbe musaeIs (symhdic, psrtictdate.
and dissolved) is found in a comparison of the * carbon
isotopic composition of the animal tissues of mussels collected
from different sites within the Rose Garden hydrotbmd vent
field, where mussels colfected from more @pbeaai  clumps
had a signifkantly heavier 51% than mussds  colisx@  ffom
cersnzd sites.” Despite theii multiple nutritional ammgics,  these
mussels are never found outaide the vent field, and when col-
lected from very periphed environments are in a poorer nu-
rntionaJ state than similar mwcls collected from “’warmer”
more centml areas in the same vent site.4s”17s

Evidence for multiple “‘strategies” of rthgen assimilation
is also found in stable isotopic studies of the mussels from the

Width

l.&-I.l
0.4-C .65

0.5-0.8
1-2
1—!.5

1.1—2.3
0.9

0.5-3. I

I - 2
2—s
2—5

0.4-2.8
-0.5

DaameIer Ref.

153

22
153.

M 88
47
153

153
0.G1.7 158

3 4 88”
157
157

<4.0 163
37
159

Rose Garden hydrothermal vent field.’s Mussefs  collected from
the ccntml (warmer) sites were signifiiiantIy Iightcr  (average
51SN of - 3.9%) than mussels from a nearby peripheral clump
(averaged + 3.5%o). The 5*SN values of the possible organic
and inorganic nitrogen sources avaifable to the mussefs at the
hydtuthenitaf vents are not currently known, but the authors
conclude that the negative WN values in mussel tissues “S
probably due to ittco~ration  of nitrogen derived from nitrogen
gas either assimilated by b living bacteria on which they
feed or ditectfy by the symbionts.

D@.ailed ultmstructural studies of the gills of both Buthy-
modiolus thermophilus and the hydrocarbon sesp mussel have
been published. z’”’” The gills of both spies m comped
of numerous fdaments with abundant ciiiation on the lateral
and frontal edges. The illatnents am held in plact by ciliary
tufts on their lateral faces. The bulk of the hteral facss of both
apcci= are covered by large bacteriocytcs (containing the syrn-
bionts) which akematc with symbiont-free intemakuy cells
(F@te 9). The bacteria am found in vacuoles in the apical
@on of the bacteriocytes in both species. The ~mussel
bacteriocytes house fewer bacteria, with only ON to three bac-
teria visible per vacuole in cross section. B. thermophiius  bac-
teriocytcs are larger and contain hundreds of bacteria p$x cdl,
with many (>20) bactia often visible in a single vacuole in
cross section (Figure 9). Additionally, the vacuoles in l?. rher-
fnophifus  bacteriocytes  are often intercomected and may in
fact be a single large vacuole.

B. tkrmophifus  symblottrs are small cocci or short rods
ranging from 0.3 to 0.75 @f in diameter, with a cell wafl
ukrastructure typical of gram negative bacteria (F@re 9).*1.174
The symb~onts in the hydrocabon-seep  mussel and the major
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FIGURE 9. Barhymodbfsu  dsemwphihss.  (A) Tmmmksim ekcrsun  micrO-
grdph of a section shmugh  a bd.ericxyte  on a gill filimsat. Numemus Wsl
symbionts  are visible in vmatoks  in lfsc b~. (B) S&maric  drawing
of a baesericcytc  on a gill tilinsem.  (C) Scanning elserrsm  micmgssph of the
stiaee  of a gill fdimens.  Ths plasnsalensclta  of a sitsgle  ~ bas been
partially mnovcd  to slmw das abundsnt  symslkmss  wirhin. (D) Higher naag-
nirkuion a-snsmis.siun  elccsma micrograpb  of a pastion  of a bscscriwyte.  b.
bacterim bm, basal nscmkm  db, kgencsa@  ~ h. hssnqw;  k, in-
!ercalssy cell; L. lipids IA Iyaaaorm  m. midscmdnz“ . n. nucleus. FIgurc
(9B) is slighsly  mcdified  fhm Fiais-Mcdii  snd Lc Pconcc.=

symbiont in the Florida escarpment mussel are both roughly
coecoid and btweesr  0.75 and 2.0 @f in diameter (F@ttre
10). Both of these symbionts contain stacked internal mem-
branes, typical of type one methylotmphs.  ‘%’*31  Cavartaugh  et
al. ” also identify a semrsd syrnbiont in the gills of the Florida
escarpment mussel. This second syrnblont is ccxcoid to rod
shaped and about 0.4 @f in dk+meter, without internal rnem-
bmnes, and is not known to be either chetnoautotrophic or
methylotrophic  (Flgum 10).

e. SOLEMYIDAE
The family Solemyidae  are pmtobranch  bivafves chrsmcter-

ized by large fleshy gills and a reduced or absent digestive
tract and labial palps. Sofensya reisii was the fmt  bivafve  for
which a gutless condition was describedsl-’”  but since then a
number of other gutless solemyids have been discovered. 1~
The nutrition of this group had puzzled investigators’s’ ‘6s be-

FfGURE 10. M~c ~. (A) ~ and small (s) symbmms
of Ihs mussel from Ilsc  FlOdS euarpmm  site (mull  symbmnt may  ISC4 be a
mchnocroph).  (B) snd (C) Symbhrs  fmm ths “bydmcwkm  seep mussel”
([A] is complirrmsu of C. Cavusaugb.)

cause their relatively large size belied their limited feeding and

digestive abilities. Scsfensyu  vefum was the ftrst non-vent in-
vertebrate for which a chemoautotrophic  symbiosis was
pssndatedm ~d now ~] members Of ~ grouP a ‘iought

to contain symbiotic chemoautotrophs. ‘m.’M In fact Reid and
Brand’ w hypothesize that acquisition of the symbiotic habit
may have been a driving force in the evolution of this family
as in she Lucinaceae.

Solemyids are relatively deep bumowers and consuuct either
Y or U shaped, mucous lined burrows (F@sre  11) its sediments
rich in organics. 10. IE7 ~ *W _te into anaerobic

layers and their behavior in the busNIw is thought to be rhe
key to their acquisition of suffkle and oxygen. Sulfde will
diffuse into these bumows and could be acquired by the clam

either inthebasal pxtionofaY  shaped burrow orina U
shaped burrow if the clam ceases to ventilate, which solemyids
are capable of doing. 161.Iss [t ~ ~ ~n t’epted hat SO-

Iemyids can reverse the flow of water through their mantle
~viV16’  which coufd ~SO f~ltate the acquisition Of sulfide

from the base of a Y shaped burrow. The clams can squire
oxygen either by ventilating the uppx, U shaped portion of
their burrow, or simply by moving up in the burrow. All of
these approaches imply a temporal sepadon of the acquisition
of sulfide and oxygen, as sultlde will not persist in a well
ventilated burrow and oxygen will not pesaist in the opposite.
Both sulfide and oxygen are rquised  together at the site of
oxidation and a mdanism to provide both simultaneously has
been proposed by Doeller et af. ‘w ‘flsey demonsua&l that
Solemya vefsun  has a gill hernoglobii which will reversibly
bind either oxygen or sulfide, and propose that it functions to
provide one of the substrates when the cfam is in an environ-
ment where that substrate is absent. Thus the-se bivalves may
not obtain sulfide and oxygen through onfy spatially separate
locations, as do the vesicomyids and perhaps Iucinids, but may
rather acquire both subsumes by temporally separariig their
acquisition in sins.
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FIGURE 11.  .Schemaric  dnwing  of SoIemyid  bumow.  (Tt.E.
Kmhcvsr,  tist.)

The gills of sdemyids ate composed of ttumemus sepatate
filaments attached at their base. A chitinous rod runs through
each filament near its distal edge and sepamtes the fdamertt
into an inner symbiont-rich ponion and outer, ciliated. filament
edge, which is lacking in symbiorsts.3s.m  l’lte gills of both S.
velunr  and S. reidi have been examined ukrastrtsctumlly, and
in these species rhe bacteria are housed in cells termed bac-
tenocytcs which alternate with sytnbiont-free itttercalary cells
on the surface of the gill fdaments (F@sre 12). 17=.12”.1-  nese
intcrcakuy  ceils are apparently the source of tie rnictvvilli
which cover the stiacc of the inner potion  of the gill fila-
ments. T%e bacteria are found in vacuoles and are normally
restricted to the dhal portion of the host cell, in close proximity
to tie ~-water.  UC The symbionts ~ md-sh@. about 1 ~m
in diameter and range in length fium 2 to 10 pm, with a cell
wall ultt-astrucrure  typical of gram negative bacteria (Figure
12).’’.’’4”’@ Direct counts of the symbionts in S. vefum indicate
there are about 10’ bacteria ~r gram (wet weight) of gill
tissue. w

The symbioses bctueat  Sofemya  reidi  and chemoautotrophic

FtGtJRE  12 So&ntyQ reidi. ~ micmga@da&sim  rkmugbs  gill
tilimcm.  P.Xli0n5 of two ~m-c *1* d an inmralary all ([c)
beaween. Two of dte my ~ = indicad  by (b). my. micmvilli on
Chc Umrnal surface of * inmusmy  OA1.(Mamsx@  wmptikauws  of M.
Powelf.)

bacteria is one of the most intensively studied of any che-
moautotrophic  symbiosis. S. reidi abound in some polluted “
environments, such as sites associated with effluent from paper
mills’s’ and the Los Angeles Hyperion sludge Wtfall.:w Sulfide
levels in “these very rich substrates can get quite high and S.
reidi has been colkted tium muds with interstitial water sul-
fide concenttatiorts as high as 22 tm$f, although the clam is
more abundant in muds Msexc the in~tiai water sulfide
concentration is between 50 and 500 @f.’m Us lage size (up
to 5 cm io total shell lengr3) and gutless condition suggest that
the symbionts may be impmtam to the clams nutrition, which
all of the available evidence Suggeals  to be tsue. This symbbsis
was first recognized thmssgh  tk presence of enzyme activities
associated with cbemoautotmphy3’  and the visualiition  of the
symblonts by transmission electmr micmscopy.  *W Subsequent
work has demonstrated that sulfide oxidation cxcurs in animal,
not bacterial, tissues’s and that the clam’s mitochondria  cart
generate ATP from this oxidation.’z Andasorr et al.” have
demonstrated net carbon dioxide uptake by intact S. reidi in
the presence of moderate sulfitk  (50 to l(Kl @f)  or tliosulfate
(>225  @f)  concentrations. This implies that there is at least

the potential for folly autoauphic  growth (with resptxt to car-
bon) in this association. TIE lack of sulfi& oxidase  activity
associated with the symbbtic  bacteria in si~ and measure-
ments of blood  thiosrslfate  levels under various conditions has
led to the hypothesis that sulfide is oxidti to thiosulfate  by
animal mitochondria and then the non-toxic thiiulfate is trans-
ported to the symbiotrts  where it is fisrther  oxidixed  to sulfate,
fueling chemoautotrophic  carbon fixation. - Using immuno-
logical methods, Cavanaugh et al. n have demonstrated that
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RuBPQO is restricted to the symbioms in S. vefwn, a fact
which autoradiographic analysis of short term incubations of
S. reidi in NaH “CO] indicate is most likely the ease for rhal
species as well.’s Transfer to symbiont-fixed carbon to host
tissues has been demonstrated by Fisher and Childress,js using
two different C-14 tracer techniques. The kinetics of the carbon
transfer indicates that the symbionrs  translocate a portion of
the carbon they fix to their host in a manner analogous to the
well-studkd algal-invertebrate associations.3s  The possibilky
that digestion of symbionts ah contributes to the nutrition of
the host cannot be ruled out and is in fact suggested by the
presence of’ ‘myelin-like” structures in the gill cells, as similar
structures in other symbioses have been suggested to be ly-
sosomes containing the rcmrsants of bacterial digestion. ““ The
313C  values of paired gill and non-gilI  tissue ti-om four S. reidi
were very close although the gills were consistently about 1%
more negative than the non-gilI tissue (average 32!%$  (personaf
communication, J. M. Brooks, Texas A & M University).
Similar 3*3C values have been repotted for gill and foot tissue
of S. velure. 1= These V’C values also support a significant
input of bacterial ca@on to the host (although one can’t dis-
tinguish tWween fi’ee-fiving and symbiotic chemoautotrophic
carbon on the basis of isotopes alone) while suggesting addi-
tional input from another source (see Section U. C).

d. THYASIRIDAE
The Tbyasiridae are closely related to the htcinids; botb am

in the same superfamily, the Lucinacea. There are many sirn-
ilafities between these two familk, including their habit, gen-
eraI shefl morphology, reducal  gut and Iabial palps, elongate
burrowing foot, and often thick fieshy gills. The percent of the
My wet weight accounted for by gill tissue has been d*-
tnined for two species of thyasirid. In Thyarim  sarsi it is 38.7
z 4.5% and in T.j7.exuosa  30.6 = 5.6%.32 Unlike thehuirtids,
not all sttyasirids  hartmr symbiotic bacteria in their gills and
in fact one species, Thyasira  eqtuafis,  harbors only small num-
bem of symbionts in its gills and seems intermediate between
the symbiotic and apoaymbiotic  species of this family. ‘m Also
unlike the lucinids, and all other bivalvea with chemoauzo-
trophic symbionts, the symblonts in these clams do not appear
to be intmeelhdar  (Figure 13). ‘o Reid and Brand’m  have sug-
gested that the anaatxal  luc~ contained symbiotic che-
moautotrophs and their absence in the Ungulidae and some
thyasirids represents a secondary 10ss. U Southward’s inter-
pretation of the extracdular  location of the symbionta in the
thyasirids is correu  (which it appars to be) then rather than
a secondary loss, this may represent a more primitive type of
symbiosis than the highly integrated, intraceflufar, lucinid
mociationa.

The thyasirids are small (mostly <1.0  cm) burrowing biv-
afves, typicalIy found in fine sediments. Free suifide levels in
their habitat are otlen less than 1.0 @f.m Their burrows are
basically similar to hscinid burrows (Figure 7), but differ in
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several ways: the incurrent  rubc is semi-penrmnem (unlike Lu-
cinids which construct new ones every few days); their bumows
have no excurrcnt tulx to the surface; and they constmct a
more elaborate network of narrow tunnels mdlatmg out from
their living chamber than do the Iucinids.  12’6’ Due to simllU-
i ties in habit and habitat to those of the Iucsnids, the same
hypotheses have been advanced to explain how these biv~ves
acquire reduced sulfur species to fuel chemoautomphy  (w
section on Lucinidae preceding). Southward’s’ suggews that
these clams may take up reduced sulfur species across their
verntiform foot tim the underlying saiiments (as suggested
by otbets  for lucinids),w.’m although she notes that the sym-
bionts’ proximity to the external environment suggests that
direct uptake of such compounds by the symbionts  is likely.

AS tneutiotwd, the thyasirid symbionts do not appear to be
itttracelhtfar. A.fthough some authors disagree1s9.igl South-
ward’s microgmphs are quite convincing (F@sre 13 A, B). 10
Both HetTY  and h Pema’”l  and Reid and Brand’w state that
the symbionts  are located in a single large vacuole in the apical
edge of the baaeriocyte,  but neither the vacuolar membrane
nor a limiting celf membrane is Visl%le between the symbionts
and the external environment in their micrographs  and I, there-
fore, must agree with southward that the symbionts  are emra-
cclhdar. The symbionts  are located in an “apical mass” over
specialized celfs on the latetal surfaces of the inner portion of
the gill lliaments. The bacteria we @ntained under a thin
cuticle which is made up of the tips of nticmvifli held together
by a glycocalyx. ‘l%e microvilli are on thin brancbed extensions
which atiw fbsn the apical membrane of the eeffs. Southward
&fines  a thyasirid “bacteriocyte”  as cmsisting of the under-
lying cd, the bacteria, and the overlying cuticle. The sym-
biotic bacteria am occasionally endocvosed by the bacteriocyte
cells and are vkible  in some micrographs, in phagosomes, in
various stages of digestion. There am occasional ciliated cells
and mucocytes interspersed with the “bacteriocytes”  on the
Iateml surface of the gill filaments. The bacterial volume of
* “bacteriocytea” varies even within a single individ-
WI.lU.19’  A-g to Heny  and Lx Pennec’9’  the bactuial
voktme  varies from ‘1. of the bacteriocyte  volume in the large5t
cells wbicb  asc located nas the ciliated dstal edges of the
filaments, to a single row of bacteria under the microvilli  in
flattened cells in the central @on of the “fdaments.  All these
audmra agree that the close proximity of tbe symbionSs  to the
external environment may facilitate the uptake of bacterial sub
atmtes from W surrounding -water.

The symbionts of the thyasirids are rod shaped bacteria tang-
ing in diameter from O.lg to 0.5 pan and in length from 0.5
to 2.0 ~m. Tbeze appar to be at least three morphological
types of bacteria present in bivalves from this family. ‘a me
symbion~ of the shallow water species Tisyusira jkuosa, T.
sursi, and apparently T. goufdi (weU preserved material has
not been examined) ate 0.4 to 0.5 pm in diameter and 2 m
long.’= TIE  symblonts  in HenY and Le PennN’s miCTO@
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flGURE  13. Tbyasirid  ‘%acreriocytcs’> snd synsbioms.  (A) Thyaira sarsi  Mail oS- c4a ~(Et)771)Wira m“. “Wlm7  bacteriqre”.
b, bscurLx  c. cmick;  o. nucleus.  (C) Unidentified Usyssirid  Cl].  Two P of submdab .~ ~ (b, sssd bJ in hospite.  (Fgus’es  (A) snd
(B)  from SCUdSWaS@Q  WMI e:~. HSW  (C) COmPfI=O=  of Dc. E. Scudwd-)

Of T. @s#sa]9t are V- simihlr m those shown “m sOUthWSrdl=
but appear slightly smaller. There rue @plamtic  spaces vis-
ible in elecuon micrographs  of these symbionts  which probably
represent extracted elemental ssdfur.s7.=.lm &tother  shallow
water thyasirid, T. equalis,  conrains few symbionts and these
are smaller rods (0.2-0.3 p.rn X -0.5 pm) with nO periplssmic
spa. Two ursdescribed  ckp  water species of tbyssirids  each
contain two distinct morphological types of symbionts (F@re
13 C). 1- Both symbiotm  in these deep water species are unlike
those found in the shallow water species and neither contains
elemental sulfur. ‘o The presence of two distinct symbionts  in
a single individual may be a reflection of the fact that these
associations arc not as selective as the more integmted intra-
cellular hscinid associations. The energy source for the sym-
bionts of these deep water species is currently in question. 103

e. VESICOMYtOAS
The Vesicomyidae area deep-sea family of bivalves. ‘m All

of the species which have been examined of the two genera,
Calyptogem  and Vesicomya,  contain intracellular symbiotic
chemoautotnphic  bacteria in their large fleshy gills. The gills
account for 13 to 22% of the body wet weight of C. nragtufica,
and the blood accmsrrfs  for anorher 24 to 44%. N Elemental
sulfur has been demonsmsted  in the gills of all vesicomyids

which have been examined for its presence. ““X.’J’ m“= The
vesicomyids are characterimd by l~ge  fleshy gills. a short
simple gut. small Iabhl palps. and a reduced feeding groove
on the ventral margin of the @ls.~6JmJ93.i*

Veaicomyids have been collected from a variety of habitats,
all apparently c~by at least moderate levels of sul-
tlde contained in, or issuing from, the substmte.  These habitats
include hydmtberd vents, subduction zones, saline seeps,
hydmcatbn seeps and oiher deepsea  reducing tiimenrs  (Ta-
ble 5). All vesicomyids have been collected from soft substrates
and are istfautsal  burrowers,’m  although both C. mognijica  and
C. phaseoliJormLs  have also km found as an epifaunsl nestler
on had substratm at some sires. ]n”lwml

Ve&corssyids have an abundant blocd in a closed circulatory
system The blaod of C. magtujica accounts for an average of
33.7% (n = 22) of the wti weight of the Clarnw and contains
a moderate oxygen sffiity hemoglobin in eryrJuocyres  and an
extracelhdsr  sulfide binding compsent which can accumulate
sulfkie from the environment by a factor greater than an order
of ma@tude.m  Experiments with C. elongasa,  C.” pmderosa
and VesicoW  cordwa  indicate that their bled has similar
properties and can also accumulate sulfide from the environ-
ment @eraond cornrnsmi@ion,  J. J. Childress, University of
California, Santa Barbanz A. J. @, San Francisco State). h
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Table 5
Collection Sites of Living Vesicomyidae

Collection
Cotkaaa site Species

Hydrolhcmsal  vents
Gatapagos  Rifi
2i~ = P3iCifK *
Guaynsas  Basin
Juan de Fuca  rid8s

Subduction zones
Oregon
Nankai,  Japan  and Kurik UCdWS
Nanksi,  Temyu  Csayoa

Cold sseps
Gutf  of Mexica. hydmcmkm  seeps
~ori~  ==W=st. ~i *P

Osher  siks
San Diego fault -
Saota B- CbamteL CA
souctlenrcAto AIAa
Sagami Bay, Japao
Caribbedo  h
66 miles off Colcdis
British Columbia. Cmada to N. CA
S.sgami Bay, and Cosst of Japan

Calyprogena  nmgniylca

C. magniflca
VesIcOmya  gigs<

C. pacijca

c. magnijica

C. phaseoliformis
C. .usnsilei.  C. Ltubieri.  C. koibi

C. paderosa.  V. cordafa
c. Sp.

v. gigas’

C. elongata

C. Pacifica
c. Soyoae
C. pamierosa
C. modiofofonna
c. kilmeri
A&biconcha  kawamuraP

‘ R. Tomer. Harvant.  oets. ecmrm.. ocsviouslY  identified as C. pacifica.  s’.’”=
‘ Taxonomy in diq& may be eq~ to C. s~.w. ‘“””

has been h~thesized that C. nragn@a takes up sulfide across
its foot (which is well vasdarized and supplied with blood)
and transports the sulfide in the blood to its symbiotrts  in the
gills. while oxygen and COJ are tabs up across the gills from
tie ambient sea water.m  This hypothesis was based on what
was known about the physiology of the anirnsd and observations
of the clam in situ at 21 W hydsotkmd vent site (in 1982)
where it occurs nestled in cracks from which vent water is
slowly issuing (Figure 14). During the Gafapogos 1985 hy-
drothenna.1 vent biology program intessaive in siru chemical and
temfxrature measurements were made around the clams at the
Rose Garden hydrothermal vent. w- At Rose Garden c. mag-
nljica is found nestled in cracks. or at the base of clumps of
Bathymodioks  thennophihss in arsas of relatively slow vent-
ing. Measurements made around and adjacent to the clams
indicate that their feet are inserted into warm waters with sulfide
concentntions as high as 40 @f and their siphona are normally
bathed in ambient bottom water, which contains no detectable
sulfide and abundant oxygen. m Thus, in situ chemicaI mea-
surements made in 1985 support the hypothesis made sevemf
years earlier. As pointed out next, it seems likely that this basic
method of acquiring sulfide and oxygen simultaneously (sulfide
through the foot and oxygen through the gills) is used by all
other vesicomyids as well.

Cafyptogena porsderosa  and Vesicomya  corhta are two ves-
icomyids found on the Lmisiana  slope associated with hydro-
carbon seep sites, and like alI other vesicomyids examind

2400-2700 m
MOO  m
2667 m

2036 m
5~ m
37S0-4020 m

6CKI-940 m

3264 m

17S0 m
500m
5S—1244 m
750-t 100 m
421—1767 m
42-t m
549-1464 m
>200 m

Ref.

79. 193
I 77
I 95
1%

59
197, 205
198, 201, 205

77.200
S8

31<202
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contain endosymbiotic chemoautotrophic bacteria. - Tlese
clams bumow through the surface of the soft substrate in their
environment, leaving characteristic trails (of up to 205 cm)
hehind them (Figure 15A).m Similar trails have been repomd
for the vesicomyids discovered in the subduction zone of Ja-
~.~1 I suggest  that while burrowing through the sub~~
the foot is exposed to sulfide in the reducing environment, and
the siphons are extended in the overlying sea water to obtain
oxygen and carbon dioxide. fn fact this mobile mode of life
may be an effort to provide a constant source of sulfide for
the endosymbionts  from an environment where the sulf’de is
not replenished in any given ares fast enough to meet the clams’
needs. Further evidence of this living bridge between the two
environments can be seen in examination of the shells from
freshfy collected living specisrma of C. ponderosa (FQure
15 B). on the external surface of the shells, on the margin
where the siphons extend, there are normally a few aerobic
encrusting organisms. These orgastisms  are absent from the
portion of the shell which is buried in situ. Also on the outside
of the shell is an orange line (probably iron oxide deposits) at
what would be the interface between the substrate and overlying
sea-water. On the inside of the shell of freshly collected ani-
mals, opposite the orange line on the outside of the shell, there
is a jagged dark black line. This black line ia evidently a
redueed substance in the shell as it disappears within a few
days after removal of the living tissue (and exposure of the
shell to air).
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Colonies of vesicornyids  were also observed and sampled iss
the Japan subduction zone at depths up to 5960 m. These
colonies were oval in outline, up to @ cm in tie longest
dimension, and rough density estimates=’ suggest some col-
onies (“o nurseries with relatively small indlviduafs”)  may con-
tain as many as 1000 to 2000 individuals/m 2. Reports of the
orientation of the clams in situ are similar to the reported
orientation of the vesicomyids on the Louisiana slope and C.
e~ngaza ,~.~1  however their densities are considerably higher.

Positive temperature anomaIies of 0.2 to 0.6°C within the sed-
iments indicate that these colonies may lx the site of loeafized
channeling of h ydrotherrnal  fluids to the surface, an observa-
tion which may explain the high densities of clams at these
sites.

C. ekmgara is anotier  vesicomyid which apparently uses a

similar method for the simultaneous acquisition of sulfide and

oxygen. We have collected C.  elongara by trawling from re-
ducing sedimcms at the interface between deep anoxic waters
and overlying oxic waters (550 to 570 m) m the Santa Barbara
Channel. These small elongate vesicomyids  orient themselves
vertically in the substrate with the anterior two thirds of their
shell buried in the reducing mud. These vesicomyids  are also
able to bridge the oxygen sulfide interface by extending their
foot into the substrate while positioning their incument siphon
in the overfyittg  sea-water. Again, evidence of their orientation
in sins is pmvide.d  from examination of their shells (and by

their behavkx in the lab-story: personal observation). No per-
iostraeum remains on the pottion of the shell which is buried
in the substrate but it is clearly evident on the posterior one
third of tbe a&lls of freshly collected living specimens (per-

sonal observakm).  Thus, in all of these vesicomyids  sulfide
and oxygen are apparently aquited  simultaneously, sulfide

through the fssu and oxygen across the gill.
M~ symbioses have been suggested for several

spies of vesicomyids  based on measurements of tissue
WC.Sx’  However, baaed on our present genemI  howledge

of vesicomyid physiology and ecology, information concerning
the specific lsalitats involved and current information about
rhe species in question, there is no reason to postulate a new
type of aswekion  in a family of clams highfy evolved for
chemoautolrophk (sulfur+xidizing) symbiosis. As discussed
in Section IL C., stable carbon isotope vafues of animal tissues
can be mislcdittgr  due to the variety of pathways which may
lad to the same isotopic “signature.” l%e fust suggestion of
a methanots@c symbiosis in a vesieontyid was made by
Ktdm et al.= for Cafyptogena  nragnifica  collected fmm the

Oregon subdtsaion  zone, basal on a WC value of – 5 1.6%
for gill tissue and - 35.7%0  for periosmacum.  The blind of
this species axsssnulates sulfide and does not bind metharre.n
This is impmtant because in the absence of a methane accu-
mulating atsd tmnsport system in the clam, high ccmeermations
of methane would be squired to supfxxt the dense ~pulations
of symblotm in the gills. Enzyme activities in the gills of C.
nragn.ij%ts cokcted from other sitrx indicate the presenee of
Che~ stdftsraxidzing symbionts, and the @Us also
contain appreciable amounts of eIementaf  sulfur.m Accordktg
to Kufm et al.= the pore watera in the sediments around the
clams show “msaient  patterns characteristic of microbial sul-
fate mductioo” (which would include elevated sulfide con-
centrations) and only slightly elevated methane (the Klghest
mcasuremesst  was 418 ttM orO.02 @f in bottom waters). They
also calculate that as much as 30% of the total C02 (ZCO*)
in irttersti,tisd waters results from mierobiai decomposition of
methane. This implies a ZCOZ significantly depleted in ‘~
and when combed with the well known discrimination against
‘Y by chemoats totrophic mircoorganisms. provides a, more
reasonable (and well dmsmented)  explanation for the measured

C. nragstifica  tissue 6’% values symbiotic sulfur oxidizing
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flGURE 15. (A) %kicomyid QdSosltk  biSiaaas@e iaase  GJtfof
MefiIx ss ~sinutely 1~ m skpcb.  &h06ws@ by L MacDodd.)  (B)

Colyptogem  po~rosa.  StGtt ti Wing tissue fseshty removal. Note dark
kmtii~ofvdw -~titi~ti~mti.ti
indiaes  g!c&tiOOOf  Oralaetine on6xuaIusds=of H. Noteeoa@stg
~anis= in area of exhaknt  opeaing.  (PMogr@  by G. Sofa8d.)

bacteria using  isotonically light pore water Q as a da
Soltrcx .

McthanoIxo#tic  symbioses have also been suggested for
- the vesicornyids  discovered on the Japan Subduction

Zone.’’”ml”=’-  Once again this was based on the presence of
methane in the sediments and overlying waters, and tie stable
carbon isotopic composition of the clam tissues (-37.8 to
– 40.1%0 for soft tissues and -1.7 to - 6.4%0 for shells).c’
There is also evidence for a sulfide based symbiosis in these
chum given in the same papers. Boul?gue  et aL61 repofi the
presence of elemcntaf sulfur in the gills and show micrographs

of symbioms which are morphological y similar to those found
in documented sulfur-based vesicomyids. These features were
also noticed in a more in-depth ulmstnictural study of the gills
and symbionts  of these vesicomy ids, ‘w and (hose authors con-
clude that a sulfur based symbiosis is much more likely. Bo-
ulegue et al. b’ also caJculate that the b’ ‘C of ZCOZ is between
-10 and - 30%M in the sediments below the clams, but ase
apparently unaware of the discrimination against ‘3C by
chemoautotropftsti because they site this as evidence against
COl being the cattmn source for the clams. when in fact it
supports that probability. Fiially. similar 8“C values have ken
fepottd for C. tnagnl~ca ( -31.4 to-34.4%4), C. ponderosa
(-31.2to -39.1%) and V. cortia (-36.3 to -39.8%) afl
of which contain chemoautotrophic sulfur-oxidizing sym-
bionts.~n.w

Ve&cosnyid gill lamellae are composed of numerous tila-
mcnta witich are cortrwted  by inter-fhrsentaf  bridges and ase
ciliated on their external surfaces. Adjacent fflamenrs ase sep-
amted distally and their Iateml surfaces are com@ed  entirely
of baaesinc ytes with occasional isrtercalary cel!s. A complete
deacri@st  of the ulttastructure of the gills of C. magnijica
and the Japanew subduction zone bivafve-s C. faubieri and C.
phasea&rmis  can be found in FMa-MHloni and M4tivier1*

1- ~s~tively.  me bX-sutd F5aia-M6dkni and Le Pennec  ,
teri~ am covered with microvilli on theti exrernaf face
and asc Eterally  packed with bacteria, with numkrs  of bacteria
per Itm# vacuole ranging from one to several. A diagmmrnadc
tepresesndon  of a bacterictyte  is shown in Figure 16. This
genesal arrangement of symbiotic bacteria in vacuoles located
throttglsnstt the bactetiocytea with a basaf nucleus and few other
organdies other than abundant lysosotM  seems to hold for

FIGURE 1S. schematic rqxesentation  of typed  vesimm@  ~.
b ,  ~ bL Mad tacum bm.  ~ =m* h. =~: ‘S ‘*;
Ls. 1~ mv, miesoWi,  ❑ . M6clesu.  Fmm F@a-MdioIud LeF’enoec.”
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all of  the vesicomyids  examined-w (pers.  obsof C. ponderosa
and V. cordafa).  Fiala-Medioni  and IA Pennec--  suggest  that

[his ulu-astructure  represents a more advanced (highly in~e-
grated) symbiosis than tha[ found in hydrothermal vent mytil-
ids, citing mainly the relative absence of cellular organelles
and preponderance of bac!ena in vesicomyid  bactenocytes, and
the difference in particulate feeding abiliy  between the two
groups forthishyphesis.

The bacteria in all vesicomyid species examined me mor-
phoiogica[iy simikw. Ttsesymbionts amsmall  (<l pm), po-
Iymorphic,  contain elemental sulfur deposits. and are abundant
ti*outtie~opl=moftihmU~I~ 17).17*.=.]&.]=
Division stages of the symbionts are often apparettt.’’”’-”’ti

2. Gastropoda
A chemoautotrophic  symbioses has recently been described

in a gastropod collecled  from hydrothermal vents  al the sDread-
ing center of the Mariana Back-Arc Basin. zto The gastro~d,
Alwrriccxrcha  hesslerl,  was the dominant organism in the waj-m
water of the flourishing hydrothennal-vent community at ~he

“Snail Pits” site at 3670 m. “’.2” Tbe shell of this gastropod

ranges up [o aboui 5 cm in length and is covered with spirally
arranged periostracal hairs.2” The hypemophied gills account
for about 40% of the body wet weight and harbor abun&nt
symbiotic bacteria. The symbionts are intracellular and in the
published micrographs appear to be nomm.lly  enclosed singly
in host vacuoles, although vacuoles with more than one sym-
biont can be seen at the base of the bacteriqtes. The outer
surface of the bactcriwytea are covered with rnicmvilli and
intercaky cells are not evident in the published micro-
graphs. ZIO me domin~t  symbion~  are rod-shaped G~-neg-

ative bacteria, up to about 5 p.m in length and apparently

FIGURE 17. Calyp[ogem pmdaoso. TnnSmiSSiCIO  ekecroa  nsim  of section through  a SW ~ Slmwirlg  many polymm-phic Symbkxie
bacteria.
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cormwn elemcmal sulfur,:’” “: Enzyme ac(lvitics.  elemenriil
sulfur levels. and the bacm-ial  morphology all suppon the
conwntirm  [hal (he svmbmnts we chernoautotrophl c.zio Those
authors~’”  ftmnd no actlvlt! oi methanol dehydrogenase in the
frozen samples of gill rssue.  However Ohta et al.z’~ recently
reported on the presence of a second morphological type of
symbiont in the snail’s gills which resembles the symbiorrts
found m the described methanotrophic symbioses. ‘z’’” The
second morphological type of symbiont is relatively rare. and
even If it IS methanotrophic, may not be abundant enough for
methanol dehydrogenase to be detected in gill homogenates.

Bacterial colonization of, and endoeytosis  of the bacteria by

the gill of an archaeogastropod limpet, Leprodrilus  jiicensi#3
from the Juan de Fuca Ridge hydrothermal vents was described
in 1984.2” Anatomical studies suggest a functional gut. worn
radula. and the ability to feed on suspended pmicles  as well. z’s
There is no evidence at th[s time. other than their habitat. that
the epibionts are chemoautotrophic. De Burgh and Singla2’4
postulate that this species might represent an intermediate stage

in the establishment of a symbiotic association, and it is men-
tioned here because of these possible evohstiorrary  implications.

IV. METHANOTROPHIC SYMBIOSES

Methanotrophic (or methyiotrophic) symbioses have now
been well documented in three species of marine invertebrates
an undescnbecf mussel found asaoeiated with hydrocarbon (and
rrretharte) seeps on the Louisiana Slope; 12.21  a different undes-
cribed mussel collected from the vicinity of hypersaline seeps
at the base of the Florida Escarpment, ‘S”7S  and a ~ently  de-
scribed pogonophoran, Ybog[irrum  poseibm”,  collected from
the centraf Skagerrak. !6.134 ~ation ad ul~cture  Of the

symbionts in their host tissues are described in the preceding
sections dealing with the host groups. As previously pointed
out the ukrastructure of the symbiorrts  in these symbioses is
unique @tgure 10) and provides independent supporting evi-
dence of the methanotrophic nature of the symbionts.  Ttre same
types of evidence used to demonstrate a chemoautotrophic  sym-
biosis cart be zpplied to the demonstration of a methanotmphic
(or methylotrophic) symbiosis, astd like chemoautotropbic
symbioses a single line of evidence is not sufficient to conclude
that a given symbiosis is methanotrophic. The distinction made
here between methylotrophic and methanotrophic symbionta
stem from the fact that the enzyme which catalyses the oxi-
dation of methane (methane mono-oxygenaae)  is unstable when
frozen.”b and therefore demonstration of methanotrophy (ver-
sus just methylotrophy) rquires living material or fresh tissue.
Since neither enzyme assays or other relevant experiments have
yet &en conducted using fresh tissue, or live Florida Escarp-
ment mussels, one cart only conclude that this mussel is metJt-
Iotrophic,’6 akhough the abundant methane in its environment

and its stable c~n isotopic content would suggest it is meth-
anowophic  as well.’s

Reviews In

The first enzyme In the uxId~(I!,n  oi methane  by methano-
ouphic organisms IS methane moncw~>genx (EC 1.14.13 25).
AS noted above this enzyme is \ev IablleJ’o and iI has not
been directly demonstrated In an> 01 Ihe methanowophic  sym.
bloses (only frozen ttssues  have ken assayed). However, ac-
tivity of methane mono-oxygena=  can be inferred in IWO of
the described symbioses because o~lda[ion of methane by iso-
lated tissues and whole animals has been cfmumen[ed.  1~ ~1 .I~~

Oxidation of methane has been demonstrated using (WO dif-
ferent meihods.  Consumption of merhane (wirh concomitant
increase in oxygen consumption and CO: production) from sea
water around isolated gill pieces and live mussels has been

documented for the mussel from the Louisiana S1OW  using gas
chromatogmphic analysis of the dlswlved (unlabeled) gases. ‘z
Oxidation of ‘“C-methane  to “COz and l’C-orgmic carbon has
been demonsmated  in gill tissue from the same musse12’  and
for both whoie anirnafs and homogeruzed  tissue from the po-
gonophomn. w -n oxi&rjon  of methane cannot & docu-
mented (such as when only frozen and presewed tissues are
available for study)l’ then activity of methanol dehydrogenase
can be assayed. Methanol dehydrogenase (EC 1.1.1.1) cara-
Iyzea the second step in the oxidation of methane, the oxidation
of methanol to formaldehyde. and is found in afl methano-
trophic and methybtropftic organisms.z” This enzyme is stable
when from and activity of this enzyme indicates the presence
of methylntrophic sytnbionts’*  and supports the presence of
methanotmphic symbiortta.  2’

There am two main pathways of cmbon  assimilation in merh-
ane oxidizing organisms. Type I organisms assimilate casbon
at the oxidation level of formaldehyde by the ribulose mono-
@os@c @I~Y ~ TP ~ mms use the seritte cycle.a”
C.avanaugh  u af. ” found high levels of activity of hexulose
phosphate aynthase  (a key enzyme in the ribuiose  monophos-
phate pathway), and variable or no activity of two enzymes of
the serine pathway in the Florida seep mytilid. This suppats
tfte emttettdon that the major symbiont  in the Florida seep
mussel is a Type I methanotroph, a fact which is further sup-
ported by its morphology. interestingly, morphology typicaf
of Typ I methmtmphs (stacked internal membranes) has
ken doeumeuted in all three of the documented methano-

trophic  symbiits.  *zl’”iM
fzi rnebsotropfric symbioses the distinctive carbon isotope

“signature” is a reflection of the isotonically light carbon
source (melhane) udfized by rhese organisms. Both biotic (bio-
gcnic) and ab@c (themnogenic)  processes that  produce meth-

ane discriminate heaviIy  against 13c which reSulK in distinctive

isotopic “signatures’” for methane. Thermogenic  methane Zi13C
values ax typical >- 50% and biogenic methane (produced
by me&me&@  WC wllues arc rypidly  < -50%.2”=  There
has been little published on isotopic fractionation of earl-m
from methane into cefl carbon by free-living methanotrophic
and methylotrophic  organisms. The few numbers in the
fiteratu~’~z’  indicate that this fractionation is relatively small

1
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~ -2. -lm -5 6% C)andthe  6’’C<li [n]croorg~n!sn]  susingnleth-
.me as a carbon  source therefore basically reflects  the source
methane  8“C.  This appears ~o hold true for all oi!hecumcndy
dcscnbed  methanotrophlc  symbioses.’ : “’’’-’TJ CVJILWSILWS
for the Flotmh seep mussel ( -  7 4 . 3  E 2.WCC. n  =  10) and

the pogonophoran  ( -73 6 and -74.-Mc~ retlec~ the blogemc
methane m their envwonments.  m” ;Vhen the methane in a
bubbling gas stream andthemussek  ltvingadjacent to it were
both analyzed. the mussel S“C (-40.6’7Lc) very closely re-
fleeted the5’]C  of that methane sueam(-41.2%d.x

The ability of the Louisiana Slope mussel to grow with
methane as sole carbon and energy source has recently been
demonstrated. C~etal.w used a laser diffraction apparatus
to measure shell growth in small (<2 cm) mussels. They report
growlh  rates increasing from zero to up to 17.2 ~m/d in re-
sponse to methrure.

Methanotrophic symbioses have been suggested in seveml
other hosts from two other habitats based solely on the stable
carbon isotope” values in the animals tissues and the presence
of slightl  y elevated methane in the environment. 59.61  ml ~ The
case for the vesicomyid clams is discussed in .s~tion U1. E. 1.e.
of this review. A vestimentiferarr (Lameflibrachia barhurnf~
from the Oregon subduction zone has also been suggested to
contain methanotrophic symb~onts based on its 513C vaftre of
-31. !%ZWS9 &gurnents against the proposed methanorrophic
symbiosis and an alternative explanation for the 8L3C values
in this worm are essermally the same as those given for the
vesicomyid clam from the same environment. Additionally,
&“C values mnging  from -27 to – 47%o have now been re-
pomed  in the two species of veatimentiferans (one of which is
in the same genus) from the Louisiana Slope, and Escarpia
krninam from the Flori& escarpment, all of which harbor
confirmed chemoautotrophic sulfur-oxidizing sym-
bionts.,~.n’sm  and all of which come from environments with
elevated methane concenmstions. 1*.X.7’  Fudwrntst-e this same
5PeCieS has been collected from the San Diego Trough and
shown to harbor chemoautowophic (suiflde oxidizing) sym-
bionts. 3‘.~ Clearly the stable carbon isotope vahses alone are
not sufficient to dernonsmate  a methanotrophics ymbiosis. es-
pecially in Vestimentiferart, a phylum of wotrtrs highly adaptsd
for sulflde-xidizing  symbionts.

V. EVIDENCE FOB NUTRITIONAL
EXCHANGE BETWEEN SYMBIONT AND
HOST

Ever since the discovery of chemoautotmphic  symbioses in
the major sessile hydrothermal vent fauna. investigators in the
field have hypx.hesized that the symbiotic bacteria are con-
tributing to the nurntion of their hosts. A large amount o f
indirwt evidenee has been compiled over the last ten yeazs
which suppotm  that hypothesis for a variety of symbioses.
However, ve~  little direct evidence of nurntional transfer from

symblon[ to host has been publlshed  And in most cases the
details of numnonal  mteractlons wtthln the symbioses are va.
.gue at best. indmcct evidence supponlng the hypothesis tha[
the symbionts contnbute  to the nutn~lon  of their hos[ falls into
four categories: hosr anatomy. host habitat. stable IsoIope con-
tents of animal tissue, and ultrasImcmral studies O( [he sym-
biont-containing tissues.

Marty of the hosts of chemoautotrophic symblonts  have lost
the ability to feed by conventional means. Adult  ves[imentl.
ferans, ~gonophorans,  a variety of other interstitial worms,

and severaf  species  of bivalves have no gut, mouth, o r
aus.w,’u.’’’,’sz.’s’  .’~ Most of the other bivalves with che-
moautorrophic  symbionta have substantially reduced gurs, la-
bial palps,  and associated structures for particulate
feeding. 103.1 s9.”0 Before the discovery of chemoautotrophic
symbioses, experimental evidence suggested that the smafler
~gonophomns  could potentially live on DOM alone, due to
their small size and large surface to volume ratio. *X’M HOW-
ever, this mode of nutrition was clearly inadequate for the
lafger gutless vestimentiferans and gutless clams like .% fernyu
reidi. The discovery of chemoautotrophic symbionts  in these
gutless species (and other spxies with reduced particulate feed-
ing ability) provided an attractive hypothesis for the nurntion
of the intact symbioses, but anatomical considerations are only
circurnstantiaf evidence for this hypothesis.

Another line of reasoning supporting the hosts’ reliance on
their symbionts for nutrition is &e distribution of the hosts.
They are only found in reducing environments which can sup-
port symbiont chemoautotrophy. Since these environments are
often quite hostile (with elevated levels of hydrogen sulfide)
there must bean overwhelming reason to occupy these habitats.
Studies on Badsymodiohu thennophifm (the hydrothermal-vent
mussel) indicate that the host condition is worse in mussels
collected tlom peripheral vent environments (compared to mus-

sels coflected from central vent environments) and dereriomtes
in animals experimentally removed from contact with vent

Water.-.a’a

The stable carbon and nitrogen isotopic contents of che-

moautotrophic symbios provide some vety com@ing cir-

cumstantial evidence for nutritional carbon and nitrogen t3az3sfer

from symbiont to host. Tltis topic has recently been reviewed
by Southward’03 and I only brieffy cover it here. When paired
sampk  of symblont-containing and symblont-free tissues from

a PSIISCUl~  host are compared, inferences cart ~ ~w con-
cerning nutritional exchange between partners. This type of

analysis is possible because of the distinctive “isotopic sig-
mrures”  of chemoautotrophic  and methanotrophic orgsutisms
(see Section U. C ). This approach has been used [o infer

nurntionaf  interactions, at different levels, in a number of che-
moautotrophic and methanotrophic symbiotic =soaations,  in-
ckdirtg vestimentiferans,’~.” pogonopltomns.’ 3S~ md a v~e~
of biv~ves. 7.12.34 .45.55 .m.93J@ However. it is nOt appropriate 10

use this technique for quantitative analysis of the input of
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symbton! derrved organics (cf. References 95 and 162),
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be-
cause free-living chemoautotrophs or methanorrophs  found in
the hosts environment would have similar isotopic “signa-
mres”’ to the symb[onts. as would dissolved organic carbon
derived from free-1 i vmg methanotrophs  and chemoautorrophs.
[t is, therefore, impossible to distinguish bmween ~hesc rhree
sources of organic carbon and nitrogen by this technique. This
ts not a minor consideration because the possibility of free-
IIving chemoautotrophs becomes a probability in most of the
environments where chemoautotrophic and methanotzophic
symbioses are found. However, one can sometimes determine
minimum values for the input of non-chemoautotrophic  carbon
using stable carbon isotopes. Comparison of the b’% values
of isolated symbionts and symbiont-free host tissues led Cay
e[ al.9s to conclude that at.least 25% of the organic carbon in
Lucinama aequizorrata is not provided by the symbionts.

Host anatomy, distribution. and stable isotopic composition
of host tissues, all suggest that the symbiotrrs are contributing
to the nutrition of their host but do not suggest what the mech-
anism of this interaction might be. There are two obvious ways
whereby OrgSttiC ampaunda  .syt’ttbesid by the S@105ttS eoufd
be utilized by the host. Either the symbiottts could &uudocate
a portion of the carbon and nitrogen they incorporate aCKSSS
their cell waifs and into the host in a manner arsaksgous  to
many algal-invertebrate associations=  or the host could digest
its symbionts. If a host receives only ~slocated organic car-
bon compounds from its symbionta (and does nor assimilate
digested symbionts) then that host may also need additional
feedittg strategies to procure essential amino acids, essential
fatty acids, and other compounds which it carmot synthesize
for itself. This is tccause  it is unlikely that a symbiont which
is permeable to s.U of these compounds could sttwive. De-
pending on the specific compounds transiocated fkom the sym-
bionts, the host might also squire a source of built nutridonaf
~=ogen.  -U LJI~mC@ studies suggest that digestion of

the symbionts occuts in a variety of chemoautotrophic symb-
ioses. Both Bosch and Grass4”9 and Handw report “&vel-
opment  stages” of bacteria withii lobuks of the tzopkaome
in R@ia pachyptila.  These stages include dcgenczation of the
symbionts towards the periphery of the lobules and digestion
of the syrnbionts in lysoaomes, with restrkant “myelin-like
bodies” (concenh-ic membranes inside of a vacuole, which ate
the remains of digested bacteria axording  to ~ and
Gtass&l *9). Fiala-M4dioni et al. ‘7’ report visible digestion of
symbionts  in Iysosomes  in the hydrothermal vent mussel, Bath-
ynodiolus  therntophilus  (F@tre  9D). Degenerate symbixtts,
abundant Iysosames, and myelin like bodies have been re-
ported, or are visible in the published micrographs, of many
other intracellular chemoautotrophic  symbioses and ate re-
viewed in previous sections.

Giere and Langheld’fi describe a funcdonafly similar pattern
for the emracellubz,  subaticufaz  symbionta of the oligochacte
[nani&ilus  ( = Phaffodriltu)  kukodermatuz.  Actively dividing,

app~enW health? sYmbionts ~e found m a pmpheral,  SUt+
cutaneous ‘“zone of bacrena..  (F@re  6). Immediately below
this zone the host epidennal  cells tend to encircle the symbion~
with long strands of cytoplasm. [n an inner ‘.ZOW  of IySlS””
the cytoplasm of the host epidennal cells oflen contains the
remains of degenerate, progressively lyscd bacteria, and no
healthy bacteria are found in this zone. Similarly, Southward’=
describes phagocytosis of the extrace[lular symbionts of some
Thyasiridae by the underlying gill cells. Although the ultm-
structural evidence of bacterial digestion is compelling for a
variety of species, it must be emphasized rhar these observa-
tions are static and no quantitative conclusions can be drawn
from micrographs, concerning the flow of orgtic compounds
from symbiont to host. This is eqecially  tie in the case of
vestimentiferans, where dividiztg symbionts  are exfremel  y rare
(in electron micrographs), and one must wonder bow the “di-
gested” symbionts tue replaced and what the * course is of
these phenomena (see Handw for fmher  discussion). It is pos-
sible that limited digestion of symbionts  may function in pro-
viding needed essential compounds and that their bulk organic
carbon needs are derived from translocated organic mmpmmds.

& indicated previously them is very fittie direct experi-
mental evidence of trartsfer of organic carbon bm symbiont
to host. To my knowledge two such studies have bee-n cmm-
pleted. Fkher and Childress3s  reported trandocasion of organic
carbon from symbiont to host in the gutless bivalve Solenrya
reidi. The authors used two techniques 10 follow the flow of
“C labeled inorganic carbon into the symbionts. and the sub-
sequent mansfer of ‘W labeled organic compounds to host
tissues. Based on the time course of transfer of labeled carbon
within the association, F~her and ChiMres.# conclude that the
symblonts are tmnsiocating to their host about 40% of the
carbon they fw its the form of soluble organic CQmpounds.
lltey do not, however, rule out the evenrual digestion of se-
nescent symbionts as an additional source of numitiort  fer the
host clam.

Di.steI and FelbecF examined the release of carbon fmtion
producrs by freshfy isolated and “purified” symbionts  from
the Iucinid clam L.uchvna  aequuonata. Less than 5% of the
fixed carbon was found in the incubation media after incuba-
tions ranging from 7.7 to do min. Similar data have been
published for a!gae freshly isolated from invertdmxe hosts.
However, when the algae are incubated under appropriate con-
ditions (such as in the presence of host homogenate and an
energy source for the symbionts) a substantial incrase (often
up to about ~%) in translocated products is documented. m=
Therefore, the results of Distel and FelbecF must & consid-
ered inconclusive with respect ro the magnitude of uaoslocation
in this association.

Enzyme analyses and carbon fixation studies clearly demo-
nstrate that many of these associations have the potential for
high rates of chemoautotmphic  mrbon fixation. Cay et al.-
have demonstrated shell growth of a mussel with symbiotic
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methanotrophs  using merhne  as sole carbon and energy source.-.
and the recent demonstrmion o f  ner inorgamc cmbon uptzke
by Solemya  reidl,u i nd ica tes  that S. reidi  has w Ieas[  the  po-
ren[ial for being fully  autotrophlc with respect to carbon. Wh.ll-
ever the mechanism  and de[aijs  of the n~tntional intera~[lon~
m chemoautotrophic  symbioses. the various lines of reasoning
and evidence presented above supporr  a tight numitional  reli-
ance of most of these hosts upon their symbionts.

The study  of chemoautotrophic  and merhanotrophic sym-

bioses is still in its infancy, although great strides have been
made in the understanding of these associations in the last ten
yeas-s. These symbioses have caught the interest and kindled
the imagination of hundreds of investigators all over the world.
The amount of literature published on these symbioses over
this shorr pet-d of time testifies to the intellectual effons
currently aimed at unraveling questions posed by these asso-
ciations. There is no doubt in my mind that in the interval
between the writing and publication of this review, both new

sites and dissociations wdf be discoverd  that lead to new in-
sights irno these symbioses.
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Recent discoveries on the northern Gulf of Mexico continental
slope have altered our understanding of biological and chemical
proce=es  occurring in the d=p ocean. A biological community of
hydrothermal vent-type organisms was recently discovered at the
base of the Florida Escarpment, where the fauna are apparently
nourished by hydrogen sulphide-rich hypersaline water seeping out
onto the sea Fioor.  Dense coionies of deep living chemosynthetic
benttric organisms were first discovered during investigations of
warm water anomalies along the axis of the Galapagos Rift in the
Pacific Ocean in 1977=, and this first discovery of clusters of
clams tube worms and other filter feeders in the immediate proxim-
ity of warm water vents has beerr followed by the discovery of a
number of other fsydrothermal  vent sit% for example Guaymas
%si~ East Pacitic  Rise at 21° N. llse dense population =m-
blages at these sites are apparently restricted to small  areas of
the oceao floor where hydrogen sulphld~rich  water is escaping
from spreading centr~ but the Fforida Escarpment discovery
indicates that these communities can also exist on passive margins.
Here we report the discovery of dense biological communities
associated with regions of oil and gas seepage on tbe Lou&lana
continental slow These communities of large epi- and infaunaI
organisms are similar to those associated with the vents of the
Pacific and the bypersaline brine seeps of the Florida Escarpment.
Carbon isotope analyses sugg~ that these communiti=  are
chemo~rsthetic and derive their energy from hydrogen sulphlde
and/or hydrocarbons. Similar communities may b widely dis-
tributed on the sea floor in other oil-producing regions of the ocean.

In July 1984, we repofied  the discovety  of thermogenic  gas
hydrates in marinq sediments from the Louisiana slopes. These
hydrates were associated with oil-stained cores similar to those
found at a nearby location6. Based on the widespread occurrence
of oil-stained cores  (containing up to 15°A extractable organic
matter) in the Green Canyon lease area (-27°-280 N and 90”-
92” W) and the flux of hydrocarbons into the overfying waters,
two benthic  trawl samples were taken to determine the effect of
these hydrocarbons on the benthic  communities (see Fig. 1 for
locations). Populations of hydrothermal vent type organisms
were recovered in both trawls including bivalves, gastropod
and vestimentiferan tube worms.

Our first trawl was taken near 27°40’ N and 91°32’ W at water
depths between 600 and 700 m just south of an area known to
contain oil-stained sediments and thermogenic  gas hydrates5.
The site was chosen because of a large seismic ‘wipeout’ zone
where the stratifications of the sediments are masked (Fig. 2)
and the presence of a persistent oil slick at the surface (presum-
ably caused by sea bottom oil seepage). Coring of these seismic
wipeout zones in the Green Canyon area have consistently
reeovered  oiI-stained,  g a s  c h a r g e d  a n d / o r  g a s  hydrate-
mntaining sediments. The 10-m semi-balloon otter trawl  was
on the sea bottom for -60-min  over a 3.5-nautical mile-long
track. Tlis track crossed a -2.O-n.  mile-wide wipeout zone. The
first trawl contained 800 kg of bivalve and gastropod shells,
including both living and disarticulate bivalves ranging from
5 to 10 cm in length. The haul contained 30”/.  living bivalves,
60% disarticulate bivalves and 107.  living gastropod. Organ-
isms collected in our first tmwl included the bivalves Calyprogerra
ponderosa,  Vesicomya  cordata,  Lucinoma  a[lanfis  and an uniden-
tified neogascropod.  Both Cal-vp/ogerra  and Vesicomya  contain
hsemogjlobin.

w
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Fig. 1 Trawl loca~ions  on the Gulf of Mexico slope
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Kg. Z Acoustical record (3.5 kf+z) along the track of tsawl one.
Wipe-out  zones represent areas of oil, hydrate and/or gas-clrargcd
sediments. The wipeout zones are thought to be the locations of

the chemo5ynthetic  ecosystems.

. .
The second trawl (-27”45’ N and 91”14’ W) was taken in the

region where Anderson er UL6 previously repotted oil-stained
cores. Seismic data and additional cores obtained in this region
confirmed the occurrence of hydrocarbon seepage. The trawl
revered a distance of -2.5 n. miles and crossed a sewnd seismic
wipeout zone. The trawl cantained  an entanglement of vestimen-
tiferan  tube worms ( Laxneliibrachia sp. ) with various gastropod
and bivalves. The vestimentiferatrs  reeovered in the trawl were
-2.0 m long and up to 1 cm in diameter. The organisms in this
sewnd trawl included Acesta  bulli+  L. atlantis, Gaza fischeri
and the same unidentified neogastropod  as retrieved in the first
trawl. Both trawls also contained significant numbers of crabs,
shrimp and fish that have yet to be identified. The tube worms
and gastropod recovered from these trawl sites are taxonomi-
cally different from those reported for the Florida Escarpment
and the Galapagos Rif~ However, one of the vesicomyid clams
(C. porrderosa)  colleud at the first trawl site belongs to the
same genus as the ckms found at the Florida Escarpment
(Calyprogena  sp.),  Galapagos Rift ( Calyplogena  magnijica)  and
Guaymas  Basin (Calyptogem  Pacifica).

Carbon isotope analyses were performed on selected organ-
isms to determine their food source (Table l). Stable carbon
isotopes are useful in delineating the flow of carbon {hrough
emsystems  as there is considerable evidence  for minimal carbon
isotope fraaionation  afong  marine food chains’-’o. Organisms
that feed on photosynthetically derived carbon from marine
algae have carbon isotope values ranging from -19 to – 2 I“A
(Table 1 and ref. 11). Tissue from mussels recovered at the



Table I Carbon iso[ope  values (fii3C in % relative  to PDt3)  for organisms obtained from trawls on the Guif of Nlexico ccm~lnental  SIOPC
— . .

Organisms

GeTon  quinquedens
S3embrops gobioides

Synaphobranchus  brewdorsalis

S. brevidorsalis

Burhypterois  guardrijilis

.$rnafdsobranchus  oregoni
,V<matocarcinus  rotundus

.4 canthephyra  exrmia
G. qumquedens

S. oregoni
G. quurquedens
Barh>gadus  macrops
hionom[(opus  sp.
Dlcrrdene  sp.
Halosaums  guenrheri
SrereOmastis  sculpra

Calyprogena ponderosa  *
Lucinoma  adarrlis ●

Unidentified rseogastropod
hmei[ibrachia  sp.
Lame[/ibrachia  sp.
Nezumia  aequaks
Monomitopus  sp.
Chaunax  picrus
Coryphaenoides co[on

Description

Crab
Fish
Eel
Eel
Fish
Eel
Shrimp
Shrimp
Crab
Eel
Crab
Fish
Fish
F=h
Fish
Shrimp

C l a m
clam
Snail
Tube womr flesh
Worm tube
Fuht
Fuh
Fmh
Fuh

Station

E-1
E-1
E-3
E-4
E-4
E-t
E-4
E-4
E-4
c-1
C-4
W-2
W-3
W-3
W-3
W-4

42
42
42
43
43
42
42
42
43

Depth (m)

390
390
840

1.225
1,225
1,225
1,225

1,225
1,225

345
I ,390

550
790
790
790

1,390

600
600
600
600
6(XI
600
600
600
600

6“C(”L)

-17.2
-17.8
-18.1
-19.2
–18.6
-19.5
-18.2
-18.3
-19.3
-19.6
-17.4
-17.s
-18.1
-18.3
-17.5
-17.0

-35.4 -35.3
-31.2 -33.0

-31.5
-27.0
-28.1
-17.6
-17.9
-17.9
-17.2

Position

28°24’ N
28°24’ N
28”11. N
28T37’  N
28°07’ N
28”07’ N
28 °07’~
28W7’  ?.’
28W7’  N
28°03’ h’
27’’28’ N
2775’ N
27W8’  N
27%8’ N
27Y38’ N
26”U N

27°40’ N
27°40’ N
27”40’ N
27”45’ N
27°45’ N
27”40’ N
27”40 N
27”40’ N
27”4S N

85°5S’ W
85°58’ W
8676 w
86%5’ w
86g6’  w
86”36’ W
86”36’ W
86”36’ U’
8676’ w
90”15’  w
89°4#  W
93°19’ w
9374’ w
93?4’  w
937<  w
93°19’ w

9192’  w
9132’ w
91’32’ W
91”14’ w
91”14’ w
91%?  w
9172’ w
91%!’  w
91”14’  w

Comment

Seep are~
Seep ares
Seep area
Seep arel
Seep area
Seep area
Seep area
Seep area
Seep area

Carbon isotopes samples were preparrd  in a Craig-type combustion system with C02 determination on a Fknigan MAT 251 isotope ratio mass
spectrometer. Depths arc approximate as many aseas of the slope are steep.

● 6 “C values were determined on two individuals.
? Fish were not necessarily eolkted in the immediate vicinity of  the seeps but could have been eolieaed al other areas during the trawl.

Pacific vents have ~13C  values  near -33-Z (refs 12-14). The vent
communities of the Pacific are based on chernoautotrophic  ba-
tesia that gain energy from the oxidation of hydrogen sul-
phide15-i8. In turn, the associated filter-feeding organisms feed
on these isotonically light bacteria Intemal  symbiotic bacteria
are found in clams, muaseis  and veatirnentiferans  from the
hydrothermal. vents 19 and are probably present in the gills of
the bivalves as well as the vestimentiferan worms at this site.

Carbon isotope analysis of freezedried mantle and foot tissue
of bivalves from the first trawl had 6*3C values of -31 to -35°%0.
This suggests that the food source of these  animals results, at
least in part, from chemosyrtthesis  rather than terrestrial or
marine photosynthetic organic carbon. These  isotope values
provide supporting evidence that the food source of the bivalves
is sulphur-  or hydrocarbon-oxidizing bacteria in this hydrocar-
bon/sulphide-rich  envirortment  (6 13C of the oil and methane is
–26.5 and -45%, respectively). The bivalves smelled strongly
of hydrogen sulphide  during dissection. The vestimentiferan
worms and their tubes collected in the second trawl have 6 ‘3C
values of –27 and -28”L,  respeaively.  In comparison, tube
worms ( Rl~tia pachyptila  ) sampled from the Galapagos Rift had
considerable y heavier isotope values (– 110%; ref. 12). One ex-
planation for these heavier isotope values is that internal sym-
biotic chemosynthesis  in tube worms limits the supply of C02,
thus reducing isotope fractionation. ‘Ihe oil-seep tube worms
must also have a mechanism of carbon assimilation that reduces
isotope fractionation relative to the bivalves.

This report significantly expands USC geographical area in
which one would expect to find dense hydrothermal vent-type
taxa in the deep ocean. [t also suggests that oil and gas seeping
to the surface from deeper hydrocarbon reservoirs can support,
by chemosynthesis, vent-type organisms in the deep ocean.
Hydrocarbon seepage occurs in many shelf and slope regions,
thus making it probable that these immunities are more widely
distributed than previous discoveries have suggested. As these
sites are studied further, several new speeies  may be found (R.
Turner and M. Jones, personal communication).

This discovery is distinct from those in Pacific hydrothermal

vents and Florida Escarpment communities in several ways.
Fk-sL  the source of reduced compounds (possibly hydrogen
sulphide,  hydrocarbons and/or ammonium) is not a point
source. The seepage is dithsse and occtm  over a wide area in
the seismic wipeout zones. It is impossible to determine from
trawl catches whether the organisms are living in the seep area
or along its perimeter. Second, the biological imsemblages  are
associated with seeping hydrocarbons that have significant
toxicities (particularly aromatic hydrocarbons). Third, these
chemosynthetic  cx-womunities  are not at abyssa3 depths. Fouflh,
water temperatures are not elevated. The high productivity at
the hydrothermal vent communities seems to be sustained by
high bacterial turnover rates in the high-temperature vent
plumesls. It is not kstown how hydrocarbons efIect bacterial
production rates. Fktally,  the shallower seep taxa reported here
may serve as a food source for various deepsea organisms.
Fufiher  study is needed to elucidate: (1) how and to what extent
the taxa adapt themselves to high hydrocarbon environments;
(2) how widespread geographically these organisms are on the
Louisiana slope, as well as other oil-producing regions; and (3)
how significant a biomass contribution they make to the deep sea.

We thank A. Vos and C, Trees for help in sampling the
specimens, R Turner (Harvard University) for identifying the
bivalves and gastropod, M. Jones (Smithsonian Institution) for
identifying the tubeworms and.& Fredericks, R Ptlaum and E.
Joyce for the isotope analyses. This work was sponsored by
NSF (grant OCE-83-01538) and ONR (grant NOOO14-80-C-
0113). Supporting isotope data for comparison on the Guif  slope
was sponsored in part by the Mineral Management Service
through its Gulf of Mexim  Regional Office. [nstrssmentation
support was provided by the Center for Energy and Mineral
Resources at Texas A & M University.

Reaivcd  13 MaK  xcqxed 7 Augus! 19SS.

I. hull. C. SC H of Sn+IUc 2249d5-%7 (19S4).
1. Ballard, R. D. Ckenntu  20, 35-44(1971).
3. CortIss J. B. & Ballard. R D. Nam  Geogr 152441.453 (1977)
4. Lomdale,  P Oee@a RCJ 24. 857-S63 [ 19771

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
1
[



5 Broous. J V KennIcun, II M C Fay. R. R.. McDonald. T. J. & Sas$cm  k Srwtcc US.
4?2..11  1984,

6 Andtmm. R. K.. %aian.  P. S.. ?arkcr. P L & Behrens.  JL W ScIt.ce 222.619-6>1 (1983).
7 Pxccr, P L GtKhIm  ro!mochim  .4cIa  J& lt55-llW  (1964).
8 V. Illmnm P M & Gordon. L [ Ottp-.$ea Res. 17.19-27 ( 1970)
9 Dcgc.$.  E T.. BehrendL  W Gouhard{,  B., Reppmann.  E. ~epSeu Rex 1S. I I-.X7  (196.S).

10 DeX,ro. M j. & Epsma,n.  S Gexh,m  co,,moch,m  Acm Q 6?5-506  { 19?8)
I I Gean.g. J w Gcan”g.  P J . Rudmck. D T. Reque)o.  A. G. & Hu:chms.  M J GcodIIm

CO,”ICCh,m  4CIII 42. 1069.1098 ( 1984),

[2 Rau. G H .  SCICIKC 2[3,  J18-140 [198[1
13 Rau. G H. & Hedges, J 1. Scwncc  203, 648-649 11979)
1: W,lliam$.  P. M.. Smith,  K L Dmflel.  E. M & L,n,ck, T W Naru.-e 292448-449 ( 1981)
I: KXI,  O, M., Wmen, C O & Jznrwch.  H. W SC,C”CC  .M7. 1145-1347 (19801
16 Gvmm.gh,  C. M ,Wmurc  302, s8-61 ( 1983)
17 Feib-eck. H. .%ence  213.336-138 (1981).
18. lmuusch,  H. W O<,amu 27.73.78 { 19841.
19 Felbcck  H.. Chddreu, J J. & Somero.  G. N. Nawc 293. 29 J-2.33 ( 1961).



e

F%me=i in Great  Bruam  by MzcmIllan  Pro3ucIocm  I-I&.  BuIfi@okc.  Ha~$hgre

I
I
I
I
I
I
I
[
I
I
I
I
I
I
I
I
I
I
I



Gulf of Mexico Hydrocarbon Seep Communities
I. Regional Distribution of Hydrocarbon Seepage

and Associated Fauna
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Gulf of Mexico hydrocarbon seep communities+. Regional distribution
of hydrocarbon seepage and associated fauna

~N C. KENNIcxmr  II,* J-M. BROOKS,* ROBERT R. BLD[GARE*  and
GUY J. DENOUX*

Akir8d—  A series of O- trawis dcm~ thatcommunitia  hasedorl dlemcqmthcskarc
hrody distributed across the northwestern GolfofMcxkocoorincmal  siopc m h@ocarbon  SC+
a.rc4s. ll.liqy+litlc  tmviswcfctakll at33kMi0nsqKmt  cdtoah ii ltmmspualt  ordlaotic
*“WPJ@”z  o=s..msi tc&m=L=dqtizs  fromlao to9u)t& Spalattmft%Xo
offshore ttKMkissi@ River ckha torhcuppcr  Tuascootinccml  slope.
am- Oqpnilms or tick mmains(cithcrmbc~ mmscisaodlordams)=A“
at21sitcs  onthcaorthan Gulfofhfcxiwdopc.  Tuhc~clams  andmmssels known tohc
asWtiatcd wi!llsymbiomsW eremriCvcd at18.128nd 5sites, qnx$iw4y. ~ isncqx
analysis  ofsckucdanimal  tkucscontbllcd tbcdemqmkk assmiati Animak Containing
iso@cauyiightc  hcmqM&etic*Wrcconata lat21 sitcLPi.uoo ~tltcachaitewcfc
uscdtodetmmine  tbeprcsmaofmatuxe ~.Nwof30pisconcorcs  wcrcvisiiiyoiL

. stainc&Tmvicoktionsatlocaticmswkcvis+btyoHtamcd Uxcswue twwva’cdmlltkedu
* one species of ch~~Organkm  andgalcmliy  reprc$mtcdthc  most
abundant catches of cndosymhioatunlulinhtg  ~ l-he chemical cmhumcnt(oiland~
~) ~to $alppon  chemoqnti+ascd  emqstam iswkkprud  onthcndtcnl
Gulf of Mc.xiw continental dope.

INTRODUCTION

I&m discoveries of hydrocarbon seepage, gas hydrates and chemosynthetic communi-
ties has caused a re-cvaittation of our understanding of chcmid, biological, and
geological pmcesSes occuming on condncntal slopes (ANDERSON ef d., 1983; BROOKS @
al., 1984, 1986a,b,  1987a,b;  KENNICUIT  etuL, 1985; Cxmmms et aL, 1986). Gas seepage
has been reported an#or  sampled on the condnentai  ahclf in the Gulf of Maim by
several authors (DUNLAP et aL, 1* Bmuwm d aL, 1976; SA~, 1~, &hOUgh
rcpcms of offshore oil seepage are sparse. Gil seepage has only recently been extensively
documented on the Gulf of Mexico al~ (ANDrmxM ez d., 1983; BROOKS et d., 1984;
1986a,b;  1987a,b;  I&aaczm er uZ., 19S3b). Several cores containing as much as 4% oil,
by weight, were recovered in 1933 (ANDERSON et uL, 1983). Subsequent to this therm-
genie gas hydrates were also discovered on the Gulf of Mexico conticntal slope (BROOKS

et UL, 1984, 1986b). Ten additional Gulf of hkiw sites containing biogenic  or themm
getic~~yhtShave  hnidcntid@R~@d,  1986b).  ‘l%crmogenicgas~ytit-=e
often associated with sediments that contain as much as WY’ oil* weight. Oil-stained
sediments have been recovered in more than 1(KI cores across the Gtdfof Mexico in water
depths ranging from Ml to YXKl m (Unpublished data). At one location this massive oil

● Geochcmicaland “=VMOUMCJId  Rcsc=ch  GnmP (GERG),  10 S. &aham R&, rkpartmcnt of OcauP
OSI=#IY, T== AM hivc=iw, Cd@ S=- TX 77WJ, USA-
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seepage has been directly Itiked to oil reservoired at -2500-3000 m beneath the sea floor
(KENNKUTT et id., 1988b).

To determine the hydrocarbon exposure of bent.hic  fauna in these seep areas, otter
trawis  were taken to obtain biological samples for analysis (KENNIcurr  ez al., 1985;
BROOKS ef af., 1986a). l%ese trawls collected tube worms and large quantitk  of bivalves
that are known to contain cndosymbiotic baaeria.  Ftieen  trawls taken during two
separate research cruises in 1984-1985 cmfirmed the presenee of bhvdves and tube
worms on the Gulf of Mexieo mnti.nental  slope. Subsequent taxonomic,  enzymade,  and
isotopic analyses suggested that these communities were similar to those found at
hydrothermal vents in the Pacific and that the primary mode of nutrition was ehemosyn-
thesis by endosymbiotic  bacteria (KENNICVIT  et d., 198S; Crmxwss  a aL, lW, BROOKS
ef al., 1987b). The majority of the blvrdves  (Ca@.Ogena  pmuferosa,  V&eOmya  wr4fa&,
and Psu.ebniitha sp.) and vestimeatiferans  (LumMbrachia  sp. and an unidentified
Ewarpia-like  speeies) are primarily if not exclusively deriving their energy from the
bacterial oxidation of H# to elemental sulfur and sulfate. k eon- laboratory
incubations with 14C labeled substrata, enzymatic analyses, and carbon iaotopie _
sitions confirmed that a mussd (Bivaiv@ Myhifidae) at these sites cwld derive its
carbon, energy and nntdional needs from a symbiotic relationship whit metke-
oxidizing bacteria in it’s @k (&nJXESS et al., 1986; BROOKS u aL, M$7h;  FEWER & aL,
1987). W was the* eonlirmed report of a rnokacan  symbiosis based on methane.

The studies deacrii  above have documented the presenee of chcmosyntktie-based
axnxnunities at a few, relatively restricted, areas on the W of lykxieo continental
S1OPC.  To determine if these processes are broadly distributed in the noxihern  Gulf of
Mexieo, an extensive program of piston axing and otter trawiing was undertaken. The
results of this regional study are repofied here.

METHODS

Study sits and trawling

Thirty-nine trawis  vwre taken at 33 locations in the Gulf of Mexico using a 1O-M otter
trawl (Table 1; several iocations  were trawkd more than once). Trawls were takea m
water depths tim 180 to 900 m and covered an area horn the Mis@ippi  Canyon to East
Breaks Mineral ~nt Semiee lease areas. Sites were chosen that contained
shallow seismic “t@eout”  zones. Seiic “wipe*ut”  zones are areas where *
subsurface sediment stmctum is seismically transparent or chaotic and are thought to be
due to the presence of”~arged  sediments. seismic “wipe-out” zones on the Gulf of
Mexico wntinental siope generally contained @-cliarged,  gas-hydrated andhr oil-
stained sediments (BROOKS et al., 1986b). A typical trans@iJktratinga35k  Hzsnb-
bottom seismic “w@out”  zone is shown in Fig. 1. l%e majority of the trawi tmmects
(30 of 39)_ shallow seismic “ w i p e - o u t ”  z o n e s .

Flston  w r i n g  a n d _

Tb.ktY sediment cores were taken with a collapsible piston axing devia  equ@@*
a bottom-actuated ~ that rd~ a core bomb (9CI0  kg) attached to a &m com pipe
(Table 2). ~@t ~ ~om, ev=~y spa~ over he len@ of the core,  were art hti
each core and sto~ _ UI@ ~@is. Most ~r~ were at least 4 m in length. %ur
dOUS hrn he ~tt~ of ea~ Wre were ti~~~ at 4(PC, gro~d ti W~t-

. .
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Table 1. buuion of tTUWfS  dm on ~ ~hm  Gdf of M&co CoAdncnlal dope

00 txmom Off txxtom

Site TIC Laatldc Longitude lime Latitude hmgimdc

1

:
6
7

:
9

10
11
11
11
lz
13
13
15
16
17
17
18
19
20
m
21
21
22
23
24
25
26
27
28
29
30
31
32
33

1426
0945
1818
1243

17$4

(M58
1417
2209

H

&
2145
IS20
1908
0741
1432
M14
0915
0147
2013
1422
2021
lIZO
1133
CL333
Uo5
Olsl
M43
2142

0858
1810
X258
2003
C445
1115

27-36.0’
27-3$.2’
27%.9’
m-l’
2727.5’
r45.o’
2mo.1’
2729.6’
27’53.7’
2T50.6’
27-41.2’
27%.4’
27%3’
27%.7’
2T333’
2T395’
27’39.61

27%6.0’
r4L2’
2743.4’
27’43.2
2T39.C
2739.0’
27%24*
27’s3s’
2TS6.Y
27%73’
2?57.0’
27-47.0’
2’7%52’
27-s32’
27%73’
27%6s
287)6.4’
27%55’
28W.1’
m.9’
2&403’
28%1.4’

94”45.6’
94%.0’
9Y35.9
9731.1’
9Y1O.6’
92’593’
93W3’
9YU1.1’
W52.9
!r3L3’
92-11.4’
92W.3’
92-223’
92’12.O’
!71*49.2”
9151s
9151.9’
9Y303’
91WXS’
91Y16.8’
91Wi.7’
90%L5’
-.9’
$V33.2’
9o12.o’
9Ei0.4’
90’30.0’
9023.4’
90%.9’
90W.5’
SWU.7’
89%6.2’
89%7.7’
89%8.8’
89-54.4*
W4S5’
89W7.2’
89043’
88%5’

1600
1057
1924
1422
0111

%
0&Z4
1502
2318
1738
1044
1450

2330
1630
2n17

%
1034
0243
2LZ4
IS57
2113

1242

=
0745

1445
09.55
1924
1418
2220
0542
KM

2799.2’
27%0. 1 ‘
2T37.4’
2r24.9’
2727.6’
27’44.4’
27-30.0’
Z%l.6’
27%1.6’
27%3.8’
27%4.1’

t

%%
27%.4’
2758.0’
2T42_2’
27’42.2’
2T47.3’
27’45.0’
27%4.2’
2T43.2’
m9.6’
27%.9’
27%62’
27%5.7’
27%5:9’
2&00.4’
27%9.1”
27W5S
27%7.3’
275S.6’
2756.0’
27-57.6’
2mL2’
27%8.7’
m l ’
W29.8’
21r42.4’
28%3.8’

94”49.1’
9473.6’
93%.9°
93%!7.8’
9Y06.6’
9259.6’
93W3.7’
93%4.0’
9&72.6’
%m13’
92095’
92’21.3’
92175*
927)9.5’
91°49.1’
91%4’
91%.8’
91W4’
91=.8’
91V3.6’
91~9.4’
W473’
9m93’
9m2.8’
Skmlo’
W32.6’
9m9.9’
m.4°
WU5’
mu’
W22.1”
893.9’
89573’
89%8.8’
W54.2’
89%93’
89’43.8’
89’042’
8851.4°

extracted (hexane)  for IZ h. The extracts were weighed and analysed by total scanning
fluorescence. Sediment extrxts  of the bottom two sections were analysed for aliphatic,
high mokdar weighb hydrocarbons by +llary gas chromatography with tie
ionization detection. Intanal standards were added before Soxhkt extrauion  to provide
quantitative determinations of hydmcarbon eoncentxations.

Gas ehromatographic  and flUO~ analytical techniques arc descxibed  in detail
elsewhere and will only be brieiiy  desaibed  here (BROOKS a d, W&k; KENNI~ U d,
19S7a). The sediment extracl is anaiysed on fused silica eolurnns (SO-m X 0.3-rnm  ID,
13 PUQC2 SGE Ltd.) with flame ionization detection. The detector is calibrated with
authentic standards and internal standards are used to correct for experimental losses.
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Fig. 1. Shallow sdoor  fc.a~ khymctry and 33 IcHz suMOnOm pr061c for the inwl fine
at EB-376.

The same extract is also anaiyaed for its fluorescence excitation+mksion  specmum  on a
Perkin-Elmer  65040 fluorometer.

Tsucs for carbon isotopic analyaia  were either &eze4&d or oven-dried at ~.
TEues  aamplcs  were aadikl  to eliminate carbonate and combuatccl  to ~ in either a
Craig-type combustion system or in Pyrex tubes containing cupric oxide (SA~ et uf.,
1970; S0=, 1980;  Bow’mwN U d, 1983). ‘he carbon isotopic composition of the ~Z
was determined with a triple collector Fknigan MAT-251 Isotope Ratio Mass Spectro-
meter. Values are reported relative to PcAkc  Belemnitc  (PDB) in the standard per md
(%) notation.
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Table 2 &casion  of ui.sfon  cores taken on ti ~~ G~f Of M- S@. .
Water depth Penetration

Site Latitude Longitude (m) (m)

I
2
3

:
6
7
7
8
9

10
11
11
11
12
13
13
u
16
17
17
18

:
20
21
21
n
23
24
25
26
27
28
29
30
31
32
33

27%.9’ 94”46.1’
27%0.0’ ?473.3’
2T37,0’ 9734.2’
2722-Y 9730.8’
2777.6’ 93 V0.4’
No piston core takes
27’29.8’ 9Y01.S’
2750.8’ 93W2.9’
27’’s3.s 92?S2.Y
2T49.9’ sr30.1’
m4L7’ mo.9’
27%.7’ W1l.1”
No piston mrc takco
No piston core taken
2T35.Y 91”49.4’
27%0s 9K31.6’
No piston  WCC tab
27%6.V 91z30.4°
No piston core tak=
2T43.5° 91W.9’
No @StOtl  core  takca
m9.C W49.8’
m9.r 9CF2S.9’
27’54.2’ -,

No @ton  mrc taken
27%8.4’ 90’30.1’
No piStOU  core  taken
No piston wre  taken
27%6.9’ 90165’
27%5.4’ WlL9’
2T53. Xf’s.20’
27%.4’ 8959.4’
27-s8s 89%7.7
2&06.1” 89’58.8’
27%73’ WS3.9’
28’07.2’ 89’47.6’
m.o’ 89’49.3’
2&41.4’ 89W4.4’
38%3’ ml.4’

512
420

z
X0

650
695
lm
3m
410
66s

549
6s0

530

S40

m
8%
512

393

6s8
.s55
600
610
512
4a2

E
512
570
m5

3.8
4.2
S.o
4.4
4.7

4.7
4.8
5.4
4.0
4.4
4.4

4.0
3.4

4.4

4.2

5.7
5.0
4.4

4 .7 ,

4.8
5.0
4.4
4.8
3.8
4.7
4.8
4 2
4.s
4.4
4.s

RESULTS AND DISCUSSION

Seismic %ipe+ut”  zone5, oiI~g, gas pockets, and a H+ odor were observed at
24, 9, 12 and 18 sites, respcctkly  (Fig. 2). Tube worm, * =d m-h ~ow’Q to
contain endosymbionts were recovered at 18, 12 and 5 sites, respectively.

Em#tab& organic nuuw
Methylcne chloride extractable organic matter ean have a tilologicd (lipids) as well as

thermogenic (petroleum) origin. In general, Gulf of Mexieo  marine sediments amtain
less than 50 ppm of extractable organic matter of biological origin, though this value -
be quite variable (Kmracx.rm et al., 19S7a,  1988a and references therein). Extractable
organic matter content is elevated in sediments that mntain petroleum. Total sediment
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Fig. 2. Summary of the occurrence of biological, phy6icai  and chemical parameters associated with hydrocarbon seepage and chcmosynthc[ic communhics:
1, Colyfogen~ pondetosu;  2, Veslcomyu cordata;  3, unldentitled mussel: 4, vcslimcntifcran hrbc worms; 5, pogonophoran Iubc worms; 6, seismic “wipe.oul”

zone; 7, oil-stained core; 8, gas pockets in core; 9, H2S odor in core; and 10, isotonically iigh[ tissue carbon.
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extractable organic matter ranged from 21 to 5800 ppm with many sediments omtaining
large amounts of material attributable to petroleum (Fig. 3).

Gas chromatography
Representative gas chromatograms for sediment extracts amtaining  high concen-

trations and trace amounts of thermogen.ic  hydrocarbons are shown in Fig. 4A and B,
respectively. Sediments mntaining  petroleum hydrocarbons are eharactdzd  by a
complex mixture of compounds that are not resolved gas chromatographkally  under the
given analytical conditions (UCM),  CU to CS2 normal alkanes, and isoprenoids. This
mature hydrocarbon pattern is overprinted with odd carbon number normal alkancs  with
23 or more carbons which are presumably derived from terngenous  organic matter
(FARRINGTGN and MEYEFU, 1975; Tuuoa, 1976; FARRINaN  and TRRT, 1977; GIGER
and SammwEJZ, 1977; GIGER et al., 1980; KENNICWr  et al., 1987b).  Samples containing
high levels of petroleum are often extensively biodegraded and contain only an unre-
solved complex mixture (Fig. 4C, D). High concentrations of n-alkanes in the ~ to ~
range suggest an upward-migration source since hydrocarbons in this molecular weight
range do not generaUy . survive transport through the environment (Le. pollution,
KENNccurr  et aZ., 1987c).  This interpretation is supported by the depth of occurrence of
the hydrocarbons in the sediments as weU as a general increase in concentration with
increasing depth within the core. Deep penetration (>2 m) of the sediment column
insures that the sampie  is below the poliution horixon,  thus the petroleum hydrocarbons
detected are migrating upward from deep in the subsurface and are not being deposited
horn the overlying water cohumt  (KENNIcxm er af., 1988b).  Total unresolved complex
mixture concentrations varied tim 8 to 1033 ppm, with most kxations exceeding the
low level  bkNogical  background of S1O ppm (Fig. 3). These concentrations suggest that
petioleum hydrocarbons are present at most, if not ail, of the locations. Total ZV-aikane
(mCLS  to n-%) concentrations ranged horn 504 to 31,350 ppb and were also indicative
of petroleum (Fig. 3).

Total seanningjkcmscem

Fluore&ena  is selectively sensitive to compounds with conjugated double bonds, i.e.
aromatic bydrocmbons. A total scanning fiuorescmce  spectmm provides a serni-quant.i-
tative estimate of total aromatic compounds (fluorescence intensity) as well as an
estimate of the ring-number distribution of the fluorescent compounds. In general, the
fluorescence exatation+mission  maximum increases in wavelength with an increasing
number of aromatic rings. sediment extracts containing petroleum contain three-ring
and larger aromatic compounds that emit fluoresced light at high wavelengths
(>350  rim). Fluorescm=  spectra are not extensively altered by biodegradation of water
washing, though severe degradation alters aromatic compound ti~~tio~  (m-
et al, 1988b;  KmNKUTT, 1988). Aromatic compounds, in general, are moderately
resistant to degradative removal and this resistance increases with an increase in the
number of aromatic rings. Fluorescence analyses CO- the presence of aromatic
hydrocarbons related to petroleum at all of the sites sampled.

CM seepage evtu!ua&m

A ranking system base on totid scanning iluorescena  and gas drmnatographic
analysis has been devised to evaluate the amount of oil seepage at a location @ROGKS  U
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al., 1986c).  In this ranking system, zero represents no seepage while 15 is indicative of
substantial macroseepage.  Oil seepage is evaluated from the fiuorescexm  intensity, the
ratio (RI) of fluoresam= at 360/270 to 320/270 (lZrnME.rL) and the amount and
composition of the gas chromatographic  signature of the sediment extraa. The presence
of oil b the gas chromatogram  of an extract is based on the faa that oils contain
a compIete suite of n-alkanes,  pristane, and phytane  whereas reeent organic matter
of a biological origin contains only a relatively few speci6c  rdiphahc  compounds
(primariiy  odd carbon numtxx nornxd al.karies with 23 to 31 carbons; I&roam er al.,
1987b).

‘I’he pr=ence  of oil is ew+iuated  on a scale of 0-15 that is derived from the sum of the
three parameters ciiscussed  above (each based on a 0-5 scale). The amount of oil seepage
is evaluated as: 12-15, very high; 8-12, medhudhigh;  4-8, low and O-4, very low. Based
on this evaluation scheme, signikant  oil seepage was present at most of the locations
sampled @g. 5).
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Curbon isotope wudyses
Stable carbon isotope analyses of tissues  excised fiom organisms recovered from trawl

catches a be used to determine an organism primary nutritional mode, i.e. chemosyn-
thetic or heterotrophic (BR O O K S  et d., 1987b).  Carbon isotope data are only briefly
dicussed here as an indicatiotI of chemmyntbesis  while more detailed discussions of
isotope data are presented elsewhere (BROOKS et d., 1987b).  Twenty~ne mwis con-
tained organism tissues with isotonically tight carbon indicating the p~nce of chemo-
synthetic biomass:

Green Canyon blocks: 29,31, 40, 72116,  79, 166, 184, X35, 2331234, 272, 273J279,
287, and 398 (13 sites).

Garden Banks biocks: 300,359,388, 45W459, 499/ 500, 581(6 sites).
Ewing Bank block 1010 (1 site).
East Breaks block 376 (1 site).
The carbon isotope imposition of the organisms analysed  mged hom -14 to -58%0.

Background heterotrophic  organisms are generally in the -14 to-22%o  range (KENNIcurr
er al, 1985; Q-nmRESS ez d., 1986; BROOKS et af., 1987b).  Tube worm tissues (vesdmend-
ferans and pogonophorans) ranged from -Xl to -58%o.  Pogonophoran  tubes and tissues
had 6UC values (-30 to -58%u) indicative of ehemosynthetic  eartmn. Vestimentiferan
tissue 6UC values ranged from -Xl to -56% with three values >28% @g. 6).

Based on the oil seepage evaluation deserii above, no chemosynthetic-based
organisms were recovered in areas which bad a combined ranking of 10 or less, i.e.
Mississippi Canyo~445,  ~, East Break-339, 878; and Garden Banks-581. In
contrast, at M of 18 areas with a seepage evacuation of 13 or more, endosymbmnt-
containing organisms were retrieved. At all locations evaluated at 15, two or more
chemosynthetic associated spcci~ were presam These &ta. strongly suggest a direct
coupling between the chemical environment induced by ~ydmcarbo n seepage (H*, CI%
and oil) and chemosynthctic  processes on the northern Gulf of Mexico continental slope.
These environments are closely linked to the massive seepage of oil and gas and the
resuidng anaerobic, H2S-ncb  sedimentary conditions. T?Ie natural seepage of hydtw
carbons may represent a significant source of hydrocarbons to the deep oceans and

f%g.6. Summary ofthccarbon isotopic anafyscsof  tisuafrum sekctedoa~
from the -*.

.-
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chemosynthetic  biomass ap~ars  to be an important component of the slope ecology in
the areas studied.

Acknowledgenuntr-Tbe  primary support for this project came from the Offshore Operators Coromittcc. We
are indebted to Plaad  Oil Co., Shell CM Co., Phillips Petroleum (h. and &noco  Production Co. for idmtifying
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ABSTRACT

Kennicu% M-C.,  4 Brooks, J.M. end Denouz  G.J., 1988. Leakage of deep, resemoired  petroleum
to the near surfaoe  on the Gulf of Mexico continental slope. Mar. Chexm,  24:3959.

Fbxervoired  oils shallow sediment cores (2 m), sea slicks and tar balls were collected in the
Green Canyon Lease area of the northern Gulf of Mexico continental-slope. The gaseous and liquid
hydxoca.rbona associated with near stiace sediments and water have migrated from deep (XXI&
30W m) subsurface reservoirs andlor  aouxce  rocks. This conclusion is baaed on molecular (GC/_FID,
GC/FPD,  GC/MS) and carbon isotopic evidence. Visual observations at two locations on the
continenkl slope con.6rm the presence of massive amounts of active liquid as well as gas seepag~
Hydra@ gas recovemxl in sediment cores originate from deep, oii-~iated gas. This gas has
migrated to shallow sediments with little  or no isotopic hctionation.  Ln contraaL near surface
hydma.rbo n liquida (shallow bitumens and sea slicks) are depleted in aliphatics,  4+ing  or larger
LWOmatica,  naphthalen~ Ct -naphthalenes and C2 .naphtbalenee  as compared to the resemoired
fluids.

These near-surface flui& are extensively altered by the concurrent pmceaaea of migratiob
dissolution and microbial degradation. However, the distributions of highly dkylated {> CJ
naphthalen~  phenanthrenea  and dibenzothiophenss,  triterpan~  aterana and triaromatid
steranes are similar to the precursor resemoired oil This study documenm  for the 6rst  tire% a
direct li between natural seepage in a deep water marine aetting andsea  slick and tar ball
formation This and other studies suggest that the natured seepage of oil and gas can be a
signibmt  process in the deep ocean

INTRODUCTION

It has long been speculated that natural petroleum seepage is a significant
contributor of hydrocarbons to the marine environment. However, direct ob
servations  of oil seepage in strictly marine settings have been limited  (GsY=,
1980). The magnitude, occurrence, and significance of natural seepage to the
marine environment is di.flicult to assess (NAS, 1975; 1985). Gas seepage has
been widely documented in the ocean (Dunlap  et al., M@ Bernard et al., 1976
Sacket~  1977; Cline  and Holmes, 1977) but reports of liquid hydrocarbon
seepage are few (Wilson et al., 197% Geyer, 1980; Jeffrey, 1980). However,

● To whom correspondence should be directed.
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recent discoveries in the Gulf of Mexico have shown that natural liquid hydro.
carbon seepage is a widespread phenomenon on the continental slope and maY
represent a significant hydrocarbon input to the deep sea (Anderson et al., 1983;
Brooks et aI., 1984; 1985; 1986a,b;  1987).

As an exploration tool for locating petroleum reservoirs, natural seepage
has been historically important (Link, 1952; Philp  and Crisp, 1982; Brooks et
al., 1986a). Many of today’s major petroleum provinces were first discovered by
drilling beneath surface oil seeps (Degolyer,  1940; Hunt, 1979). Modern surface
geochemical  exploration techniques are based on the premise that deep, reser-
voired  petroleum creates near-surface manifestations that can be detected
(Faber and Stahl, 1984; Brooks et al., 1986a). This near-surface expression must
be recognizable above the ambient in situ biological and/or inorganic
background. The most direct of these surface prospecting methods rely on
detecting some fraction of the reservoired hydrocarbons (Stahl, 1977; Horvitz,
1972; 1978; 1985; Philp and Crisp, 1982; Brooks et al., 19%a). The recognition of
thermogenic  hydrocarbons horn the deep subsurface in near surface sediments
is hindered by the overprinting of recent biologically generated compounds
(Bernard et al., 1978; Brooks et al., 1979). These recent inputs can be the same
as the upward migrated thermogenic hydrocarbons (i.e., methane and n-
alkanes)  or similar in composition and structure (Rice, 1975; Fuex, 1977; Rice
and Claypool,  1981;  Hunt et aL, 1980; Whelan et al., 1980). Near-surface hydro-
carbon expressions are further attenuated by alteration processes such “as
microbial activity. Petroleum can also be physically or chemically altered or “
fractionated during migration (Thompson, 1987a,b).

Few reports have traced the movement of petroleum bm a deep reservoir
to the near surface. In general, these studies have been limited to the gaseous
components (Stahl, 1975; 1977; Coleman  et al., 1977; Hunk  197% Fuex, 1980;
1981; Hunt et al., 1981; Reitsema  et al., 1981;  Stahl et al., 1981; Leythauser  et al.,
198% Stepanova  et aL, 1982). The continental slope region of the Gulf of Mexico
has recently been found to be the site of active gaseous and liquid petroleum
seepage, authigenic carbonate precipitation (mediated by microbial activity),
hydrate formation and chemosynthetic communities (Anderson et al., 1983;
Brooks et al., 1984; 1985; 1986b; 1987;  Kennicutt et al., 1985). As such this area
presen~ an unique opportunity to trace the movement of hydrocarbons from
the reservoir (2000-3000 m), to the near-surface sediments (water depth
-600 m), into the water column and finally to slick and tar ball formation at
the airlsea interface.

Seepage to the near-surface on the Gulf of Mexico slope is predominantly
controlled by fault systems created by salt tectonics that provide a nearly-
direct vertical conduit to shallow sediments (Martin and Case, 1975). To trace
the movement of these hydrocarbons the following chemical analyses were
chosen: gas chromatography with flame ionization (IZi.13)  and flame photome-
tric detection (FPD), stable carbon isotopic composition, total scanning fluore-
scence, and specific molecular distributions by gas chromatography/mass spec-
trometry (i.e., triterpanes and steranes). These fingerprinting techniques are
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suitable for the detection of compositional features  which are unique and
fairlystable  during migration and degradation. Other parameters that are less
resistant to change were also monitored, including gas molecular and isotopic
compositions and alkane distributions. This study evaluates bulk and
molecular parameters as indicators of deeper reservoired petroleu,
determines the extent and type of fractionation that accompanies movement of
hydrocarbons through several thousand meters of sediment and subsequently
through the water column, establishes a link between natural seepage and sea
slick or tar ball formation and determines which of the measured parameters
are least susceptible to alteration and thus more clearly reflect their source.

METHODS

A4aterial.s  and sampling

Oils and gases reservoired at 2000-3000 m in the Green Canyon (GC) area
were provided by Conoco, Inc. Previous studies have identified the GC-184 and
190/234 areas as sites  of oil seepage and thermogenic  gas hydrates (Brooks et
al., 1984;  1986b).  The GC lease area is the site of a number of active seeps as
identified by visibly oil-stained cores (Anderson et al., 1983; 13rooks et al., 1984;
1986b;  1987). The location of oil seepage is con&ned  by coring in shallow
seismic wip~ut  zones identified fim 3.5 I&z data (Brooks et al., 1984; 1986b).
Figure 1 shows a shallow hazard sumey horn  GC184  (after McClellan
Engineers, personal communicatio~  1985). Oil-stained cores are preferentially
recovered in these seismic wipe-out or transparent zones.

Sediments for this study were retrieved by pistin coring. The core utilized
for this study was taken at 27”44.2’N,  91°11.9W.  Core data from this and nearby
areas can be found in Brooks et al. (19M, 1986b). Surface slick samples were
obtained at 2’T’43.1’N, 91”08.8’W by skimming surface water into precleaned !&l
glass bottles and by adsorption onto a metallic screen. During Cruise 85-G-5
(May 1985, 1%/V “Gyre”)  oil droplets were obsenwd  bursting at the sea surface
in both the GC-184/185 and 190/2.34 areas. The sea was calm during this period
allowing observation of the seepage. At these sites small  oil droplets would rise
to the sea surface, forming circular slicks --0.4 m in diameter. Oil droplets were
observed bursting at the surface every few seconds within a few hundred
meters of the drifting ship. Fresh tar balls  in the area were collected by
manually retrieving them born the sea surface. Hydrate samples recovered
during piston coring were immediately stored in liquid  nitrogen (Brooks et al.,
1986b).

Gas analyses

Hydrates were allowed to thermally decompose in pressure vessels at room
temperature. Headspace  samples were then removed by syringe for molecular
and isotopic analyses (Brooks et aL, 1986b). Reservoir gases were collected in
stainless steel pressure vessels. Gases were analyzed for molecular composition
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by gas chromatography (Brooks et al., 1986b). Headspace and adsorbed gas
analyses were similar to those performed by Bernard et al. (1978) and Faber and
Stahl (1983), respectively.

Extraction and fractionation

Hydrocarbons were recovered from sediment and sea slick samples by
extraction with CH2 C12. Sediment samples were dried with Na2S04 and Soxhlet
extracted with CH2 C~ for I-3 h onboard  ship. Slick-containing water was
acidified with XC] to pH 2 and solvent extracted three times with CH2 C12 (10: 1
solventisample, W V). All glassware was precleaned with solvents and
combusted  at 45@’C for 4 h when appropriate. The collected extracts were
concentrated by rotoevaporation.  Extracts were then fractionated by alumina~
silica  gel column chromatography for further molecular and isotopic analyses.
An aliphatic  fraction was eluted  with 150 ml of hexane and an aromatic
fraction was obtained by elution  with benzene (150 ml). Fractions were roto-
evaporated and further concentrated with a purified air stream.

Gas chrmnutography

A variety of gas chromatographic  columns were used for the various
analyses. Whole oils were analyzed on a high performance cross-linked methyl
silicon fused silica capillary column with splitless injection (film thickness
0.52 P; id. =0.31 -, length = 50 m). The column was initially held at - 2&C
for 10 min and then ramped at 8%2 rein-1 to 300”C (15 rnin hold time). The
injection port and detector were both held at 300°C. Column chromatography
fkactions  were also analyzed by capillary gas chromatography with flame
ionization detection (GC-FID) on a column similar to that used for whole oil
analysis except that a smaller id. (0.20 nun) and a shorter length (25 m) were
used. GC-FID conditions for aliphatic  and aromatic &action  analyses were an
initial temperature of 6(PC with no hold time and then programming at
l%C min- 1 to 300°C (9 min hold time). The injection port and detector were
again held at 30W’C. The aromatic &actions  were also analyzed by GCFPD for
sulfur aromatic compound distributions using a cross-linked methyl silicon
liquid phase (film thickness = 1.05P, id. = 0.32 m, column length = 50 m).
The temperature program was identical to that used for the aliphatic  fraction
GC-FID analysis. The detector was held at 250”C and the injection port at
30@C. The gas chromatography were either Hewlett-Packard Model 5880 or
5790.

Gas chromatographylmass  spectronwtry  (GC/MS)

GC/MS was performed with a Hewlett-Packard 5996 GC/MS system linked
to a HP 1000 computer for data storage and processing. The GC/MS was
operated in the electron impact mode using 70-eV electrons. The injection port,
interface, and source temperatures were 300, 250 and 270°C, respectively.
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Extract fractions were analyzed  for various molecular level distributions.
A]ip~atic  fractions from column chromatography were molecular sieved (5A)
to remove straight chain alkanes-  The aiiphatic  fraction was then analyzed in
the selected ion mode for triterpanes (m/z = 191), steranes (~/z = 217), mo.
noaromatized steranes (nt/z = 239, 2.53) and demethylated  triterpanes (nz/
z = 177). Aromatic fractions Were analyzed, with no further preparation, for
triaromatized  steranes (m/z = 231, 245), naphthalenes  (m/z = 128, 142, 156,
170) and phenanthrenes (m/z = 178,192,206, 220). The column used for GC/MS
was identical to that used for the whole oil analysis. The column was held at
50°C for 10 min and then programmed as follows: 10”C rein-1 to 200”C  (15 min
hold time); 5*C rein-* h 250”C (24 min hold time); 2°C rein-1 to 280”C (24 min
hold time); and 1°C rein-1 to 281°C (6 min hold time).

Other procedures

Samples to be analyzed for stable carbon isotopes (613C) were processed by
standard methods using both Craig-type and closed-vessel combustion
techniques (Sackett  et al. ,. 1970; Schoell  et al., 1983). Carbon dioxide was
analyzed on a Finnigan MAT-251 isotope ratio mass spectrometer. The isotopic
composition is reported in the usual d-notation (versus the Pee Dee Beiemnite
standard).

The total sci%ning  fluorescence method is described in detail  elsewhere
(Brooks et al., 1983; Kennicutt and Brooks, 1983; Kennicutt  et al., 1986). Briefly,
the aromatic fraction recovered from liquid chromatography was quantitative-
ly diluted in hexane.  The sample WAS then introduced, via a cuvette, into a
650-40 Perkin-Elmer  microprocessor-controlled spectrofluorometer.  The
excitation monochromator  was set at a given wavelength and the emission
monochromator  was stepped horn  200 to 500 nm. Resolution was 10 nm and the
excitation wavelengths were varied from 200 to 500 nm.

RESULTS AND DISCUSSION

Gases

The reservoired gases from Green Canyon area (Table 1) are characteristic
of mature, oil-associated gas (Schoell,  1983). The gas occluded in hydrates from
the Green Canyon area (Table 1; Brooks et al., 1986b) are very similar in carbon
isotope composition to the reservoired gas, suggesting that the hydrate gas is
derived from the deep reservoired gas. Brooks et al. (1986b), in reporting the
compositions of Green Canyon hydrates, were unable to explain isotonically -
heavy C02 in the hydrate lattice while large  quantities of isotonically-light
authigenic carbonate also occur. The authigenic  carbonate in these shallow
sediments results from bacterial degradation of oil or gas, producing C02 which
is then precipitated as calcium carbonate (Brooks et al., 1984; 1986 b). Reservoir
gas data indicates that the hydrate C02 originates from the reservoir with little



TABLE I

Gas compositions (O/.) of reservoired  and sediment gas from the Green Canyon (carbon isotopic
compositions in parentheses)

GC-IM’ GC-I&” GC.I&’ GC-ItMb GC-MNC GCM&
6602-6652 6S07- 7264-7294 hydrate free adsorbed

Methane &.% - 46.4Y 89.0(- 46.1) 75.4( - 45.8) 67.5( - 44.8) 91.2-99.8 83-87
(-56to  -85) (-43to - 5 0 )

Ethane 7.3( - 33.3) 6.8( - 30.0) 6.3( - 31.8) 4.5( - 29.3) 0.1-1.7 7.2-8.6

Propane 3.5(– 28.7) 2.9( - 27.8) 2.5( - 27.0) 14.9( - 18.6) 0.01-7.8 3.6-5.2

i-Butane 0.3( – 34.4) 0.4 <0.1 4.2 <0.1 0.6-1.0
(- 28.6)

n-Butane 0.8 <0.1 <0.1 0.2 c 0.14.2 0.6-1.4

CO* 2.9( + 11.5) 1.1( + 7.6) 0.2 3.9( i- 13.3)

“ Resemoired  gas from the specfied  depths (in feet).
b Gas from hydrate decomposition (Brooks et al., 1684).
c Free (headspace)  gas fkom X2-m piston core; values represent ranges  of compoaitio~ methane

concentrations in the sediment range from 43 to 24500 ppb by weight one surface value was not
included in the ranges because it exhibited oxidation eff.actq  the methane isotopic values were
mainly in the -75 to - 65%0 range with the heavier values occurring in the sulfate reducing zone
in the upper portion of the cow, high methane concentrations in the lower portion of the core
are a result of production in the sulfate-free rone. This data is taken from Faber et al.
(1987).
~ Adsorbed gas data is born the same core as the bee gas analyseq  ‘methane concentrations range
from 410 to 1537 ppb by weigh~  an extensive treatment of this data is available in Faber et al. (1987).
c Carbon isotopic compositions in% vs. PDB.

or no contribution from C02 derived horn  oil degradation (Table I). The cores
contain isotonically-light . pore fluid C02, suggesting that little isotopic
exchange occurs between pore fluid gas and gas occluded in the hydrates
(Brooks et al., 19$4). Molecular compositional differences between hydrate and
reservoired gases can be explained by exclusion of gases larger than the
hydrate cage structure. Little n-butane is detected in the hydrate gas because
this molecule is too large.  The anomalous isotopic composition of the propane
in the gas hydrate sample  may be an analytical artifact; other hydrate samples
from the Green Canyon area have propane isotopic ratios characteristic of
reservoir propane (Brooks et al., 1984).

Faber et al. (1987) have reported headspace and adsorbed gas molecular and
isotopic compositions from an area (GC-183) adjacent to the reservoired gases
reported here. The average and range of molecular and isotopic compositions
from a 12-m piston core in this block are presented in Table I. Faber et al. (1987)
discuss these data in detail and suggest that the adsorbed gas is more charac-
teristic of the upward migrating gas than the free (headspace)  gas. The free gas
apparently originates from shallow microbial gas production. Adsorbed gas
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data from the GC-184 area suggests upward  migration of gas from cieeper,  more
mature sources (Faber et al., 1987).

A iiphatic hydrocarbon distributions

Whole oils reservoired in the Green Canyon area have a range of com-
positions (Fig. 2). These oils are generally depleted in normal alkanes,
suggesting that they are biodegraded  to varying degrees. In conflict with this
is the substantial amount of C3 to CIO hydrocarbons, which should be depleted
at the level of degradation inferred from the loss of the higher n-alkanes.  In
particular, Oil III in Fig. 2 is substantially enriched in gasoline range hydrocar-
bons. These may represent admixtures of degraded oil and lighter condensate
oil. These oils represent the range of chemical compositions of known
production in the Green Canyon area and thus potential original fluid com-
positions for seepage. Oil IV (Fig. 2) is used for comparisons in Figs. 3-12.

Sediment extracts from GC-184/185 and 190/234 seep areas show a wide range
in the extent of biodegradation. Exhaustive degradation (the complete loss of
alkanes,  isoprenoids  and selected aromatics and biomarkers)  occurs in many
sediments containing high concentrations of oil ( >500 ppm). In other nearby
areas containing only microseepage ( <500 ppm), the complete suite of

Fig. 2. Capillary gas chromatograms of four reaemoired oils from the Green Canyon area
(MCH = methyl cyclohexane).
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Fig. 3. Capillary gaa chromatograms  of a reservoired oil, sediment extrac~ sea surface slick and
@r ball.

n-alkanes  and isoprenoids  are generally present. The sea slick and tar ball are
less degraded than the sediment extract presented in Fig. 3. The resolved peaks
observed in the slick and tar ball gas chromatograms are primarily aromatic
compounds, not aliphatics.  The sea slick and tar ball have been extensively
altered by biodegradation (Kennicutt  and Brooks, 1983; Kennicutt, 1987, and
references therein).

Aromatic hydrocarbons

The distribution of naphthalenes  in the reservoired oil is very similar to that
in the sediment extract, somewhat similar to that in the sea slick but rather
dissimilar to that in the tar ball (Fig. 4). The tar ball  has been highly altered
and few naphtha.lenes  are present. The isomeric  distributions of the Cz- and
C3-naphthalenes  are similar for the oil and sediment extract. The amount of
naphthalene  compared to the total naphthalenes  decreases horn the oil to the
extract to the slick. A similar loss of lower molecular weight compounds has
been shown to be due to microbial degradation and/or  dissolution @omeu,
1986; Ken.nicutt, 1987; Philp and Lewis, 1987).

The distribution of phenanthrene and its alkylated  homologs is also similar
in all four fluids (Fig. 5). Although few naphthalenes  were present in the tar
ball, significant amounts of phenanthrenes  were found. The higher alkylated
homologs are more concentrated in the sediment extract, the sea slick and the
tar ball than in the reservoired oil (Table  H). This enhancement is again due
to the selective 10ss of lower molecular weight compounds by degradation or
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Relative compositions of selected aromatics (O/. )

Reservoired S e d i m e n t Surface T a r
oil e x t r a c t s l ick ball

LNaphthalenesa
co
c ,
C2
c,

Phenanthrenes”
co
c,
c,
c,
Dibenzothiophenea b

Lo

c,
c,
C3
ZNaphthalenes
ZPhenanthrenes
Phenanthrenes CJCO
Naphthalenes C#&

4.2
18.0
39.1
38.7

13.6
wl
33.5
16.8

1.8
16.2
46.8
35.3

3.5
1.2
9.2

1.8
10.1
35.0
53.2

7.4
25.4
39.4
27.7

0.2
9.7

43.7
46A

0.04
3.7

29.6

7.3
24.1
29.3
39.4

13.1
15.4
39.3
32.1

0.0
4.1

37.0
58.9

0.15
2.5
5.4

9.2
11.0

7.6
72.2

9.2
30.4
39.0
21.4

0.7
15.3
53-3
30.6

4-0
2-3
7.9

‘ Compositions are calculated from the integrati areas of their respective molecular ions
b Compositions are calculati from the integrated areas obtained by GC/FPD analysis.

water solubilization.  Degradation is known to be isomer specific within a given
degree of alkylation  (Fedorak  and Westlake, 1981; Solanas  et al., 1984;
Volkman  et al., 19M Romeu, 1986), but minimal changes in the phenanthrene
isomer distributions are apparent. Volubility differences between isomers of
the same degree of alkylation  would be minor, thus maintaining isomeric  ratios
to a large extent. The distribution of alkyl phenanthrenes suggests that the
increase of higher over lower molecular weight components is due to differen-
tial solution and not degradation. It should also be noted that the largest
increase occurs between the resemoired oil and the near-surface sediment
(Table II).

Alkyldibenzothiophene distributions were similar for all four hydrocarbon
mixtures (Fig. 6). There was again a preference for higher over lower molecular
weight components within the sediment extract, slick and tar ball as compared
to the reservoired oil.

In general, the wavelengths of maximum fluorescence increase with
increasing ring number (Brooks et al., 1983; 1986a; Kennicutt and Brooks, 1983;
Kennicutt et al., 1986). The reservoired oil has significantly more fluorescence
due to more highly  condensed aromatic compounds than the extract, slick or
tar ball (Figs. 7 and 8). In this case, the near-surface residues appear to be
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Fig. 6. The distribution of dibenwthiophene and Cl-, ~-, snd ~dibenzothrophenes in the four
hydrocarbon 5uids studied.

enhanced in lower molecular weight compounds over the reservoired fluid.
This is in contrast to the specific compound class analyses afforded by GC/MS
and GC-FPD,  where within a homologous series, the higher molecular weight
compounds are enhanced over lower ones. Changes in alkylation  cause only
minor shifts in fluorescence spectra (Brooks et aL, 1966a; Kennicutt et al.,
1986).

Three processes determine the composition of the near surface fluids. Two of
these, dissolution and degradation, tend to deplete the fluids in lower
molecular weight components. Degradation greatly depletes the normal and
branched aIkanes  in the fluids. The third, migration, tends to preferentially
enhance lower  over higher molecular weight compounds which have less
mobility. The end product is a fluid depleted in larger ring number aromatic
compounds, as evidenced by fluorescence analyses, as well as in the less
alkylated  compounds within a homologous series, as evidenced by GC/MS and
GC-FPD  analyses (Table ~.
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Fig. 7. Total scanning fluorescence spectra  of the four hydrocarbon fluids studied (three dimension-
al preaen-tion).

Carbon isotopic compositwns  - C15+

The carbon isotopic composition of the aliphatic  and aromatic fractions of
reservoired oils, sediment extracts, a sea slick and a tar ball are summarized in
Table HI and Fig. 9. The carbon isotopic composition of the sediment extracts,
sea slick and the tar ball fall within the range of reservoired Gulf of Mexico
oils. The range of oils presently known in the GC area is relatively restricted
in its carbon isotopic composition. The larger range of sediment extract carbon
isotopic composition may be due to mixing with carbon isotonically light,
sedimentary indigenous lipid material or alteration in the near-surface
sediments. However, carbon isotopic compositions are in general relatively
resistant to microbial alteration The range of carbon isotopic values is larger
than would be expected given known production in the area, though a majority
of the sediment extracts carbon isotopic compositions are similar to the reser-
voired  oils. The sea slick and tar ball compositions fall close to the ranges for
sediment extracts but would  appear to be isotonically different from the known



Fig. 8. The fluorescence spectra of the four hydrocarbon fluids studied (contour presentation).
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hydrocarbons from the study area.
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TABLE 111

Summary of the carbon isotopic compositions of high  molecular weight hydrocarbons at a seep

zone in the Green Canyon lease area

Sample Aliphatics’ Aromatics’

Reserwoired oilh
GCIM  (S026) – 2%.4 – 26.5
GC-184 (9050) -26.5 -26.5
GC-I& (6458) – 26.9 -26.6
GC-52 (4500) – 26.9 -26.7
Average - 26.7( * 0.3) =z$%q*o  .1)

Sediment extracts’
0-20

21-40
0-20

214
414
6143
S1-lm

141-160
161-180
141-160
Average, this study
Average, Anderson et al.,

(1983) (n = 19)

-26.4
-27.7
-26.8
-26.8
-28.6
-26,5
-26.7
-26.7

-26.8
x~ * 0.4)
- 2’7.q  f 1.0)

*

– 26.6
-27.7
-26.6
-26.6
-26.6
-26.5
-26.6
-26.’7
-26.7
-26.6
- 26.7( t 0.3)
- 26.9( t 0.8)

Sea Slick -25.7 – 26.4

Tar Ball -26.3 -27.3

‘ 613C values vs. the PDB standard deviation are given (T&J NBS-22 = - 29.6%o.
b Subsurface deptha (feet) are given in parentheses.
‘ Depths in cm.

reservoired oil in the GC area. The reason for this difference, given the high
degree of similarity of numerous molecular level analyses, is not clear. It is
possible that the sea slick and tar ball  contain some input of non-Gulf of
Mexico oil that was present at the sea surface. However, this component would
not appear to be important based on other analyses.

Selected biomarker distributions

Biological marker distributions are similar between the reservoired oil and
the three near surface hydrocarbon mixtures (Figs. lo-1~  Table IV). Sediment
extracts often have triterpane and sterane distributions that are reduced in
intensity, though the concentration ratios are similar to those in reservoired
oil. The tar ball is similar to the reservoired oil in all biomarker distributions
except for the ratio of Ca to C= hopanes.

Triterpane distributions are typical of mature Gulf of Mexico oils, with C=
and Cm being the predominate hopanes.  The ratios Ts/Tm (Cn steranes)  and
202?/(20S + 20R) (S and R isomers) for C~l~ hopanes are similar for all four
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TABLE lV

Relative compositions of selected biomarkersa

R-ervoired S e d i m e n t b
Surface T a r

oil extract slick ball

Triterpanea
Ts~m 0.8s 0.95 0.87

Hopane ~/Ca 1.25 1.12 0.87
Sf(R -t S)
C3, 0.58 0.56 0.58
c= 0$3 0.62 0.62
cm 0.59 0.61 0.62
CM 0.67 0.76 0.68

Hopane/moretane
c=/c= 11.05 10.10 11.67
Cafcm 12.3s 8.44 6.32

Steranea’
SIR -i- S
c= 0.46 0.53 0.52
c= 0.69 0.65 0.64
cm 0.59 0.66 0.60

aa/fl#
CB 0.61 0.66 0.77
Ca 0.98 1.01 1.20
Cn 0.62 0.68 0.80

Triaromatized  ateranes
cm + C*I/c=+ 0.23 0.21 0.15 0.27
c~/c= + cm 0.56 0.48 0.38 0.61
ca/cm + c= 0.67 0.59 0.50 0.69

a All ratios are calculated on integrated areas &mm their respective fragment ions (triterpanes,
m/z . 191; steran+ na/z = 21% triaromatized  steranes,  m/z = 231).
b The sediment extract triterpane  and stemne traces were highly altered
C Cm and ~ steranea  contain coeluting cI&teranea.

hydrocarbon fluids (Table IV). As mentioned, the sea slick and tar ball are
depleted in Cm- relative to C=-hopane  as compared to the reservoired oil. The
slick and tar ball are also depleted in the Cm -hopane relative to moretane, as
compared tQ the reservoired oils, suggesting preferential loss of the CW-hopane.
The reason for these subtle differences are not clear and may simply reflect the
range in the properties of reservoired oils in the area.

Sterane distributions are also similar for all four hydrocarbon fluids (Fig. l@
Table IV). One obsenation  is the depletion of /?# steranes over aa steranes in
the near surface fluids compared to the reservoired oil. This depletion is
present in all three sets (i.e., C~,=) of sterane  -. This feature may reflect
variabiIit  y in the reservoired oils. Triaroznatized  sterane distributions are very
similar for all four hydrocarbon mixtures (Fig. 11). A slight depletion
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in lower molecular weight  compounds is observed in the sediment extract and
sea slick for triaromatized  s~eranes over the reservoired  oil.

CONCLUSION

Oil and gas generated deep in subsurface strata have migrated up faults to
the near surface on the Gulf of Mexico continental slope. In the area studied,
the amount of oil in the sediments is sufficient for globules to leave the
sediment, rise to the seawater surface and form slicks and tar balls. Conditions
are such that gas hydrates have formed in the sediments. Extensive alteration
of oil and gas has directly led to the authigenic  formation of isotonically light
carbonate through the biologically mediated formation of excess COZ. Deeply
reservoired C02 (d13C = + 7.6, + 11.1) is present in the hydrate lattice and
interstitial waters. The hydrate gases have undergone little or no isotopic
fractionation during migration through several thousand meters of sediment.

Liquid hydrocarbons are subject to changes during migration as well as,
after their arrival at the near surface. Many characteristics of the molecular
distribution patterns are similar between the reservoired oils and the near
surface fluids, including the compositions of the higher alkylated  ( > C2 )
aromatic compounds, triterpanes, steranes  and aromatized steranes. These
similarities directly link sediment extracts, sea slicks  and tar ball formation
with a common source in the reservoired oils. Migration tends to concentrate

Reservoired Oil
cm

cm

cm

d -,
Sea Slick

Sediment Extract

cm

Tar Ball

&

cm

Fig.  12. The distribution of triaromatized  steranea  in the four hydrocarbon fluids studid (m/
z = 231).
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lower molecular weight compounds. w-hereas degradation and dissolution con-
centrate higher molecular weight  compounds  in the residue. The end-product
fluid is depleted in larger ring aromatics as Well as parent and shorter chain
alkylated  compounds within a  homologous ser ies .  Alterat ion of  the f luid
reaching the sea surface can occur in the sediment as well as in the water
column, though this will be a function of the residence time of the fluid at a
particular location. The relative locations of the hydrocarbon fluids do not
necessarily reflect an orderly or sequential relationship.

This and other studies suggest that natural liquid and gaseous hydrocarbon
seepage is a wide-spread phenomenon in the marine environment.
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Abstract-Sediments on the Gulf of Mexico continental slope contain a mixture of terrigenous,
petroleum and planktonic  hydrocarbons. The relative amount of these three inputs varies as a
function of Ioeation,  water depth, and time of sampling. The hydrocarbon concentrations
measured are generally lower than those previously reported for shelf and coastal Gulf of Mexim
sediments. The infiuenee  of Iandderived material decreases from the central to the western to
the eastern Gulf of Mexieo. Petroleum inputs are measurable at all sites sampled. Natural
seepage was considered to be a significant source of hydrocarbons to slope sed~ments. Hydrocar-
bon concentrations vary by 1-2 orders of magnitude along a given isobath  due to changes in
sediment texture and hydrocarbon inputs. Variability along an isobath  is as great if not greater
than that seen over a depth range of 30t&3000 m along a single tr-anseet.  In generai,  the highest
aliphatic  hydrocarbon concentrations are associated with the more clayistr/organic-nch  sedi-
ments. Aromatic hydroear@orts  are below gas chromatographic  detection limits at all sites
(<5 ppb). but their presence is inferred from spectrofluoreseence  analyses. confirming the
presence of petroleum-related hydrocarbons at all sites.

INTRODUCTION

T H E  O U T E R  cont inenta l  she l f  and s lope  in  many areas  of  the  wor ld  conta in  potent ia l  oil a n d
gas reserves that only recently have become accessible. New technology, as well as new
applications of old technology, has made the exploitation of mineral resewes in water
depths exceeding 300 m economically feasible (FEDDERSON , 1982; l-lEDBERG,  1983;

A N O N Y M O U S,  1 9 8 3 ) .  T h e  e n e r g y  i n d u s t r y  is rap id ly  moving into d e e p e r  a n d  d e e p e r  w a t e r

in the search for oil and gas to m e e t  t h e  w o r l d ’ s  e n e r g y  n e e d s  ( HU N T,  1 9 8 3 ;  S H A N K S,
1 9 8 3 ) .

The onset of deep-water drilling activities may have, as has been suggested for shallow
marine waters, an effect on marine hydrocarbon concentrations. A large number of
reports have monitored the effects of petroleum development on the continental shelf
(e .g .  M I D D L E D I T C H  er u1., 1977, 1978, 1979; LYTLE  and LmE, 1979; MENZIE, 1983;
GASSMANN and POCKLINGTON,  1984; RICHARDSON, 1984), but Iittle or no information is
available at sites in water deeper than 350 m. In view of the potential hydrocarbon
reserves in the deep (>300 m) Gulf of Mexico and the technological advances in deep-
water drilling operations, the U.S. Department of Interior’s Minerals Management
Service deemed it important to develop a basic knowledge of deep Gulf fauna, their
environment and ecological processes in advance of irnpendirtg  petroleum development.

- Dcp~rtment  of Oceanography. Texas A&M University, College Station, TX 77843. U.S.A.
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The program included the characterization of the present levels of hydrocarbon contami-

nation in the sediments and selected biota in anticipation of petroleum resource
development beyond the shelf  slope break. The concentrations. distributions. a n d
sources of hydrocarbons in Gulf of Mexico continental slope sediments are reported here
for the first time.

M E T H O D S

Sample !ocation.s  and collection

Sediment samples for high molecular weight hydrocarbon analyses were collected
during five cruises between 1983 and 1985. Locations of the sampling stations are shown
in Fig. 1. Either three or six replicate samples were taken at each station using a
30 x 30 cm stainless steel box core. Undisturbed, uncontaminated replicate samples
were taken from the top 10 cm of sediment immediately after removal of the overlying
seawater. Subsamples for hydrocarbon analyses were stored frozen (–20”C) in precom-
busted glass jars. Each individual core sample from cruises I and II was analysed.
Sediments from cruises III, IV, and V were pooled as one representative sample for each
station.

Precleaning of all equipment and glassware included extensive washings with micro
cleaning solution and triple rinsing with distilled water, acetone, and methylene chloride
and/or combustion at 400*C for.4 h. All solvents were nanograde purity (Burdick &
Jackson). Cleaning procedures were tested by collecting the final rinses and subjecting
them to the entire analytical scheme. Blanks were reduced to negligible levels for all
parameters monitored.

30”

28*

I I

94” 92°
26”

w 88” 86”

Fig. 1. Sampling Ioeations  on the Gulf of Mexico continental slope.



Digestion, ex[ractiotl and sepuratio~l

The digestion and extraction procedures followed, wi(h slight  variations. those of
FA(<RINGTON  et al. ( 1973) and DUNN ( 1976). Fifty yams of homogenized. freeze-dried
sample were mixed with 90°/0 ethanol or methanol  (150 ml). hexane (60 ml). and KOf-1
(10 g). The mixture was refluxed at 80°C for 3 h. The digested material was filtered and
extracted three times with hexane. The combined extracts Were Washed Ihree times with
distilled water (500 ml each), dried with anhydrous NaZSOA (3 g), and treated with
activated copper to remove sulfur. After sulfur removal, the extracts were roto-
evaporated to near dryness and transferred to clean, precombusted  Vials using small
volumes  of hexane. At all times care was exercised to ensure that the extracts did not go
to complete dryness to prevent loss of the more volatile sampie components.

The extracts, dissolved in 0.5 ml of hexane, were fractionated into saturated (fl) and
aromatidester  (f2) fractions using alumimdsilica gel (80-100 mesh) columns (10 g each).
Silica gel and alumina were activated at 150 and 350”C. respectively, for 16 h and then
partially deactivated with 5’% distilled water (wIw) (BARRINGTON et d., 1973). T h e
columns were eluted with 100 ml of hexane (fl) and 100 ml of benzene: hexane (50:50)
(f2). After collection, each fraction was roto-evaporated,  transferred to a precombusted
vial, and dried. The aliphatic fractions were weighed to 0.1 pg on a Cahn Electrobalance
by dissolving the sample in 100 @ of methylene chloride, withdrawing a 10 @ aliquot,
and applying it ta a pre-weighed filter pad.

The benzene: hexane fractions were further. purified using Sephadex LH-20 columns
(25-100 mesh) after RAMOS and PROHASKA (1981). The columns were calibrated by
eluting  a mixture of azulene  and peryiene  of sufficient concentration to be visible under
u .v. light. Aromatic standards were also run to confirm the fraction to be collected as per
R AMOS and PROHASKA (1981). Samples, dissolved in I ml of the eluting solvent (cyclo-
hexane:methanol:  methylene  chloride, 6:4:3) were applied to the top of the column. The
purified f2 fractions were roto-evaporated, transferred to a vial, and weighed as
described for the hexane fractions.

All samples were spiked with known amounts of internal standards to correct for
experimental losses and incomplete extraction. Internal standards (IS) included
n-decylbenzene, n-tetradecylbenzene (aliphatic), 1, l-binaphthyl, and 9, 10-dlhydro-
anthracene  (aromatic). The internal standards were sufficiently resolved by gas chroma-
tography from a!l sample components and were added at concentrations similar to the
sample components of interest.

Gas chromatography (GC)-gas chromatographyimass  spectrometry (GC/MS)

Fractions fl and f2 were quantified by fused silica capillary GC using a Hewlett-
Packard gas chromatography (Model 5880) in a splitless capillary mode. Fused silica
capillary columns coated with a bonded phase (BPL/QC2; SGE, Ltd) were used to obtain
separation of the extract components. Columns were 50 m long with 0.25 mm id.
Helium was used as a carrier gas at a flow rate of 2-3 ml rein-l and as a make-up  gas

between the capillary column and the flame ionization detector (FID). Temperatures
were set at 300°C and 350”C for the injector and detector, respectively. Typicai
instrumental parameters were: initial temperature, 80°C (O rein); rate, +6°C rein-’; final
temperature, 300°C (20 rein).

Compounds in the gas chrornatograms were identified and quantified by comparing the
retention times and detector responses with the corresponding authentic standard.

.-
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Unresolved complex mixture (UCM) concentrations were calculated based on the
average n-alkane response over the volatility range covered and the integrated area
above the baseline.

GCJMS was used to confirm the identify of the sample components and to identify,
when possible, any unknown compound with the use of mass spectral libraries and
standards. The GCJMS analyses were conducted with a Hewlett-Packard 5995 GUMS
system coupled with a Hewlett-Packard 1000 data system. Typicai operating conditions
for the mass spectrometer were: source temperature, 300”C; electron energy, 70 eV; and
scan rate, 215 amu S-l. GUMS columns and oven conditions were the same as those
established for quantitative gas chromatographic analyses. Helium was used as carrier
gas at a flow rate of 2 ml rein-’. A spiitless injection technique was used and the total
column effluent was routed directly into the ion source of the mass spectrometer.

RESULTS AND D[SCUSS1ON

Sediments on the Gulf of Mexico slope contain a mixture of terrestrial, petrogenic and
planktonic sourced hydrocarbons. Molecular level alkane distributions are similar at all
locations sampled whereas the quantitative importance of the three major inputs varies
with location, time of sampling and water depth. However, hydrocarbon concentrations
are relatively uniform across the slope given the large geographiczd area. Extractable
organic matter, aliphatic hydrocarbon concentrations and the aliphatic unresolved
complex mixture range from 4.0 to 94.2, 0.1 to 5.2, and 0.7 to 81.4 p.g g-l dry weight of
sediment, respectively (Table 1). These concentrations are generally lower than pre-
viously reported for Gulf of Mexico sediments (Table 2).

Individual hydrocarbon compounds are present at concentrations ranging from <0.01
to 0.5 yg g-l. In general, the qualitative molecular level alkane distribution is similar at
all sites sampled. The dominant n-alkane in the 15-22 carbon range is variable, whereas
the normal alkanes with 23-32 carbons are consistently dominated by n-Cz9 or n-C31.
Alkane distributions for the Central Transect during cruise I are typical for all locations
sampled (Ftg. 2).

Tab[e  1. The averag~  and ranges (values h parentheses) for-selected hydrocarbon
parameters in Gtdf  of A4exico cotuin.ctuaf  slope sediments (IJS  g-’ dry weight of

sediment)

Cruise Location Extractable Aliphatic Aliphatic
(transect) organic matter hydrocarbons UCM

I Central
(13.nti4L3) (1.;;.0) (19.f;.8)

11 - Central 21.7
(18.~~.2) (1.&l.s) (6.li!.0)

Western 11.1
(14.%$.2) (0.;; .3) (5.2-11.4)

Eastern 5.4
(7.6-io.9) (0.il.o) (3.2-7.3)

[11 Central 18.1
(4.My.4) (0.~.6) (4.1:.4)

I v West/central 16.8
(17.7194.2) (0.ti5.2) (4.2-81.4)

v Eastern
(4.:;3.4) (0.!:.4) (0.::.0)



Table  2. Summary of Gulf of Mexico scdimcn(  hydrocarbon mmtyscs (corrcerrtro[ions  ore nvernge.r, rongrs  in porrttlljeses)

To[al HC Saturated HC Predominant
Location “ (Mg-’) Source Rcfcrcnccs

Texas/Loukiana--coas[  al” (20-190) . BI(P) SMITH, Jr (1952)
TexadLouisiana--eoastal* Low concentrations B S T E V E N S  e~ al. (1956)
Gulf of Mexico-eoastalt Biogenic  waxes B BRAY and EVANS (1961)
Florida (Bay)—sandy sedimcntst 4.4 2,0 B PAI.ACAS Cf (//. (1972)

— m u d d y  scrlimcntst 86.(I 3U.U
N.E. Coast-+andy  sedimen[st 1,14 B/(P) PALACAS C( al. ( 1976)

(o#::j;.9) (0,1-~8)
STOCS-+oastalt’ B/(P) PARKER e! crl, (1976)

(Before, during and nhcr (0.22-5.6) (0.1:0.5)
drilling activities)

Texas/Louisina+oastal  bankst 0.02-0,80 B PARKER (1978)

MAFLA—nearshore Florida (<40 m)t 1.90 0,86 B BOEHM (1979)
(0,29-1 .60)

—>40 m Floridat 1.39 U.83 B/(P)
(0.29-1.89)

—Mississippi/Alabama Shelft 1.61 BIP
(0.;:2.89)

Freepori,  Texas-coastalt 7.15 0,71 B SLOWEY ( ] 980)
(0.55) (0.l;2.4)

Texas Shelft B LYTLE and LYTLE (1979)
(1.4-2.0) (0. LO.5)

Florida coastal (<60 m)t 3.1 BIP GEAI{ING  e/ ol. (1976)
W. of Mississippi R.-coastal (<60 m)t 11.7 B/P GEARING el d. (1976)
Texas/Louisiana--coastalt 36.5 21.4 B/P NULWN et [II. (1981)

(5.71-87) (3.1-50)

* Method, gravimetry.
t Method, GC, GUMS,
B = biogenic; P = pe[rogcnic.
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Figq 2. Mo[ecular  level alkane distributions  for ~dirnent from [he centra[  transect  during
cruise 1.

Hydrocarbon sources

Molecular level and bulk parameters can be used to estimate the relative importance of
hydrocarbon sources at a given location. These parameters are based on the premise that
hydrocarbon sources have unique fingerprints, i.e. certain recognizable suites of com-
pounds. In nature however, few unique end-members occury To better understand the
dynamics of hydrocarbons in Gulf of Mexico slope sedirnen~s several diagnostic para-
meters were monitored:

Source Indicator compound Abbreviation

Planktonidpetroleum Zn-C,5.,7.,q;  pristane PL-1
Petroleuti(p[anktonic?) ZtI-C,6.  ,s.3,;  phylane RE-Lo
Land/( petroleum) Z)l-C2S.27.3.31 TERR
Petroleurn/(biogenic) fi-c24.26.2W) PE-Hi
Petroleum/(biogenic?)/ Unresolved complex mixture UCM

Recycled

To use these indicators certain assumptions are made and need to be understood for the
proper evaluation of the observed distributions. Plankton generally produce a simple
mixture of hydrocarbons dominated by n-C15.17.19 and pristane, so the presence of these
compounds can be useful as a planktonic  indicator (PL-1 ) (CLARK and BLUMER, 1967;

B L U M E R  er ~1., 1 9 7 0 ;  Gou-rx  and  SAL1OT,  1 9 8 0 ;  SALIOT, 1 9 8 1 ) .  P e t r o l e u m  a l s o  c o n t a i n s

these  compounds  but  usua l ly  conta ins  near ly  equal amounts Of  ~-C1~.1K20 and @Y~ane aS

well ( BARRINGTON and TRIPP,  1977; BARRINGTON et al., 1973; NAS. 1975. 1985: BOEHM.
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1979; BROOKS , 1979). Thus a low molecular weight petroleum indicator (PE-Lo) can be
used to assess the petroleum contribution to the  planktonic indicator. In this case, we
assume the contribution of petroleum to each indicator is equal, therefore the planktonic
component can be inferred as PL-I minus l? E-Lo. This assumption is based on an
extensive evaluation of over 400 Gulf of Mexico oils to be presented elsewhere. Gulf oils.
are typically mature to very mature with equal amounts of odd and even normal alkanes.
Gulf of Mexico oils are generally dominated by alkanes between C5 and C15 accompanied
by a rapid decrease with higher molecular weight. Alkanes with >25 carbons are
generally only a minor component of the oils.

Straight chain biowaxes with 25, 27.29 and 31 carbons have been used extensively as
an indicator of terrestrial or land-derived input (GEARING et al., 1976; BARRINGTON and
TRIPP,  1977; G[GER and SHAFNER , 1977; GIGER ef al., 1980; WAKEHAM and BARRINGTON ,
1980). As such, the sum of these four normal alkanes can be used to indicate the
terrestrial (TERR)  hydrocarbon component. As with the planktonic  indicator, these
normal alkanes can also have a source in petroleum. Again, in general GUli of Mexico
petroleums contain near equal amounts of n-C~d.z&~.~ (PE-Hi). No evidence is known
for immature petroleum reservoired in the Gulf which would contain a significant odd
carbon preference. [mmature extracts can be obtained from deeply buried sediments but
this material would tend to remain in situ. As in the planktonic  indicator, the terrestrial
component can be estimated by subtracting the PE-I-11 from the TERR concentration.

o Plants themselves also contain significant amounts of indigenous even carbon alkanes.
Thus, this type of indicator provides a maximum petroleum indicator and a minimum
terrestrial indicator over this-molecular weight range. It should again be noted that most
Gulf oils contain relatively small amounts of >25 carbon n-alkanes. The mixing of recent
terrestrially derived hydrocarbons with mature oil would maintain a high CPI due to the
mass balance. Thus the petroleum indicator is divided into a low and high molecular
weight indicator to minimize the high estimates of petroleum due to biologically
(terrestrial) produced n-alkanes.

These parameters, with the previously stated assumptions, can be used to assess the
dynamics of hydrocarbons on the slope as a function of water depth. location, and time of.
sampling. In generai, water depth will be considered with location and time of sampling
discussions .These indicator parameters are also evaluated in terms of other parameters
such as: the UCM, an indicator of petroleum input; carbon preference index, an
indicator of the relative amounts of odd and even normal alkanes; and bulk sediment
parameters such as carbon isotopic compositions in order to more fully understand the
observed distributions.

A real distribution

Sampling during cruise H was undertaken to assess the distribution of sediment
hydrocarbons on transects from the central, western and eastern Gulf of Mexico
continental slope (Fig. 1). Extractable organic matter (EOM) is a composite of both
biologically produced and petroleum-related lipid material. In general, EOM is lowest
on the eastern transect and nearly equal on the western and central transects, with the
exception of Sta. WI (F~g. 3). The  a[iphatic  UCM, a petroleum indicator, is similar for
all three transects though slightly elevated in central transect sediments (Table 1). The
elevated EOM at Sta. W1 corresponds to an increased UCM (i.e. petrogenic compo-
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Fig. 3. Variation in extractable organic matter and the aliphatic  unresolved complex mixture
along transects in the eastern, central, and western Gulf of Mexico continental slope.

nent). The UCM which is used to indicate petroleum does not delineate the source of the
petroleum, i.e. seepage, the water column or recycled organic matter.

The influence of iandderived  material decreases from the central to the western to the
eastern transect [Figs 4 and 5). Terrestrial hydrocarbon concentrations, as indicated by
the ~n-~.zT.2g.s~ (TERR), are relatively uniform with water depth on the centrai and
western transects, whereas terrestrial content increases with water depth on the eastern
transect. The influence of the land and/or river-derived material, as suggested by the
predominance of odd n-alkanes from C= to C31, is readily apparent at all three locations
and accounts for a majority of the GC-resolvable alkanes.

Planktonderived hydrocarbons are low compared to the terngenous and petroleum
hydrocarbons and are often difficult to discern at the central and western transects (Figs 4
and 5). In general, the planktonic input is higher at the shallower stations of these two
transects. The low planktonic  hydrocarbon concentrations in the western and central
transects may be due to the high sedimentation rate and/or dilution with terrestrial
material. On the eastern transect, the planktonic input is discernible and relatively
constant with depth. In general planktonic  inputs accounted for < 10°/0 of the GC
resolvable alkanes. Sediment biogenic hydrocarbons on the slope are dominated by the
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Fig. 4. Variation in hydrocarbon source parameters along transeets  in the eastern, central, and
western Gulf of Mexico  continental slope (for definition of abbreviations see the text).

more microbially  resistant terrestrial components and the degree of dominance was a
function of proximity to the Mississippi River and the topography of the slope.

Petroleum inputs, measured both by alkane parameters and the UCM, are present at
all sites (Figs 3-5). In general less petroleum is indicated at the eastern than the western,
with the highest values at the central transect. Petroleum hydrocarbons (a maximum
estimate) are observed at low concentrations at all locations. In an effort to determine if
the petroleum hydrocarbons detected are sourced in transported particles or due to
upward migration, the petroleum indicators are compared to terrestrial and planktonic
indicator distributions (Fig. 6). The general relationships might suggest a dual source for
petroleum hydrocarbons. Low molecular weight hydrocarbons (PE-Lo) tend to increase
with an increased terrestrial input on the eastern transect, but do not on the central and
western transects. The higher molecular weight petroleum indicator (PE-Hi) strongly
correlates with the terrestrial indicator (TERR). In this case, this simply reflects the large
biogenic contribution to PE-Hi indicator. From th~ cross-plot, the ratio of the two
parameters corresponds to a carbon preference index of -4.3 indicating that a majority
of the PE-Hi in these samples is biogenic in origin. Pre-industrial revolution sediments
show a similar CPI of 4.9 (WADE and QUINN, 1979). Compared with Stas W2–W5, Sta.
W 1 contains significantly elevated petroleum hydrocarbon concentrations (see Fig. 7) as
determined by the UCM which is an estimate of the amount of petroleum hydrocarbons.
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The UCM varies independently of the planktonic or terrestrial input (Fig..7). This may
suggest an indigenous source such as upward migration from deeper reservoirs. How-
ever, any attempt to correlate petroleum and terrestrial inputs assumes that the relative
amount of petroleum to terrestrial hydrocarbons transported to the location is constant
with time, which may or may not be true. Extensive natural hydrocarbon seepage
documented on the Gulf of Mexico continental slope further supports natural seepage as
a major petroieum hydrocarbon input to Gulf of Mexico slope sediments (ANDERSON et
al., 1983; BROOKS et d., 1984, 1987). Piston coring on the Gulf slope have shown that
petroieum hydrocarbons increase in concentration with depjh in areas of known  seepage
(i.e. separate phase oil droplets in the sediment) and that the bitumens inatch isotonically
and compositionally  the deep reservoired fluids (KENNKWTT et af., 1986; LACER~A ef al.,
1986). It is also evident that some fraction of the petroleum hydrocarbons are trans-
ported to the slope by river/land-derived particles. The UCM can be due to recycled
material and cannot necessarily be distinguished as due to a single source.

Temporai  variations

Cruise I, November 1983; cruise H, April 1984; and cruise III, November 1984 all
sampled the central transect in an attempt to document changes between different
sampling times. The distribution of EOM and aliphatic UCM during these three
samplings is shown in Fig. 8. On an average, the aliphatic UCM was highest on cruise I
primarily due to the elevated levels measured at Sta. Cl (Fig. 8, Table 1). UCM
concentrations during cruise 11 and at the shallower stations of cruise 1[1 (<1500 m) were
similar- During cruise 111 the UCM was higher than cruise [1 by a factor of 1.5-2.2 at
stations deeper than 1500 m. Molecular level indicators are similar aiong the central
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transect during cruises I and II (Figs 9 and 10). Variability with depth was observed
during cruise 111 sampling. Shallower stations during cruise HI had a decreased hydrocar-
bon content possibly due to dilution with inorganic material. Terrestrially sourced
hydrocarbon concentrations are reduced over the entire cruise HI transect as compared
to cruises I and 11. The deepest stations (> 1500 m) on cruise III have elevated levels of
petroleum hydrocarbons. This is substantiated by the hydrocarbon source parameters
previously discussed (Figs 9 and 10). Examination of carbon preference index distribu-
tions and gas chromatograms suggest the presence of relatively fresh petroleum hydro-
carbons probably from oil seepage at the deepest stations (Fig. 11). Station C7 also has
the lowest CPI of this transect suggesting anomalously high petroleum hydrocarbons.
The maintenance of a high CPI with the presence of mature petroleum can be explained
by the mixing of an oil substantially depleted in >~ alkanes (typical Gulf oil) with a
sediment dominated by odd carbon >CM terrestrially derived hydrocarbons. Recycled
organic matter tends to be signicantly  reworked by evaporation, dissolution and mi-
crobial degradation leading to a depletion in a[iphatic hydrocarbon. These differences
between samplings most likely represent the patchiness associated with hydrocarbon
distributions and do ‘not reflect a temporal change (i.e. flux).
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transect during cruise HI and a representative fused silica gas chromatogram of the aliphatic

hydrocarbons from Sta. C-5, cruise III.

Variabili~ along isobaths

Cruise V in the eastern Gulf of Mexico occupied stations along three isobaths  to assess
lateral variation in the measured parameters. Hydrocarbori  parameters are summarized
in Table 3. Bulk and molecular level parameters are low compared with previous
samplings and represent some of the lowest values measured during this study (Table 1);
as such the variability obsewed along this transect is probably a maximum. These
sampling sites were chosen to contrast sediment texture which will also contribute [O
the observed variability of hydrocarbon parameters. The alipharic UCM and total  EOM
vary by factors of 1.7-7.6 at a given depth. Molecular level indicators (i.e. individual
component sums) vary by a factor of 2.0-7.6 along a given isobath. These data suggest
that, at these low concentrations, hydrocarbons are as variable along isobaths as they are
with water depth. These data also emphasize the patchy nature of hydrocarbon distribu-
tions. Bulk sediment parameters such as percent sand, varied by as much as a factor of 3
along an isobath,  illustrating variations in sediment texture as well.

Samples along isobaths  in the central and western Gulf were also taken. Stations from
cruises I, II, 111 and IV at -250 m are compared in Table 4. The variability in
hydrocarbon parameters reflecting terrestrial input show the greatest variation. as much



Variable ranges

Depth (m) 342-3S3 61%30 819-859
i%ramctcr !1=4 /!=6 II =j

Total EOM
(Ppm)

Alipiwtic  UCM
Jyy)

T:g’$

J:::

Jg:

(wb)
Terrigenous+

(ppb)
Petro[eum+

(ppb)
Pianktonic$

5.s-13.4
(9.7)*

().7-5.0
(3.0)

11.994.1
(54.3)

36.0-74.0
(55.9)

13.3-101
(56.2)

14.4-30.3
(22.3)

21.6-49.8
(33.6)

33.5-118
(78.5)

0.0-2.8

4.7-9.9
(6.8)

()..5-3.8
(l .s)

8.1-59.1
(29.9)

55.9- [20
(78.6)

13.5-39.8
(21.1)

20.4-53.1
(33.1)

24.&66.7
(45.4)

34.U7.9
(M.3)

0.0-20.1

4.9-8.2
.  (5,s)
0.7-3.1

(1.7)
6.9A4.fi
(23.4)

23.4-148
(122)

11.0-27.3
(18.8)

“ 17.5-77.6
(48.6)

5.9-99.5
(72.8)

28.5-104
(67.4)

0.0-17.5
(rob) (0.7) (9.5} (7.3)

● Average.
t PL-I = Xn-Clj.17.1,  and pristane;  TERR = Zn-C., ~ WJI; PE-Lo = &t-C16,8m artd- - -

phytane;  PE-Hi = Xn-Cz4.Ha-w.
* Terrigenous  = (TERR) - (PE-Hi);  petroleum = (PE-Lo) + (PE-Hi); plankto-

nic = (PL-1) - (PE-Lo).

Tabfe  4. Variabili~  in hydromrbon parametem along isobaihs-Western  central Gulf of
Mexico

Depth (m) , 298-371* .547-550t 748-759+
Parameter n = 6 n=3 n = 3

Total EOM 15.9-61.3 17.4-23.9 17.0-57.9
(ppm) (34.5) (20.6) (30.9)

Aliphatic  UCM 6.0-31.4 6.9-7.9
p~;pm)

5.6-11.9
(15.6) (7.6] (8.4)

36.3-175 47.445.3 50.048.0
~~:$) (122) (56.4) (59.9)

93.4-1080 109-2731
p~p~b)

169-181
(546) (201) (176)

36.2-155 39.1-52.5 43.448.9
p~P;:) ( loo) (43.7) (45.2)

70.9-280 80.+122 48.0-96.6
(ppb) (172) (99.4) (64.8)

Terrigenous 22.5-861 29.2-252 83.9-131

Pe%%m
(375) (101) (112)

l&388 119-162 91.4-140

Pl!%%nic
(272) (143) (110)

0.1-57.7 4.0-26.2 6.6-19.1
(ppb) (21.5) (12.7) (14.7)

* Cruises 1, 11 and 111. Stas Cl and WI; cruise 111. sta. C6; and cruise IV, Sta. WCI.
? Stations WC2, WC4. WC%
$ Stations WC3. WCS). WCIO.
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as 40-fold. The plankton indicators are also highly variable, most likely due to dilu[ion
with terrestrially  Sourced material. Bulk parameters such as clay content vary by a factor

of 2 and sand content varies from 0.5 to 36.6°/0 at these six locations. These variations
again reflect the substantial influence of riverherrestria!  -derived material. Three samples
from cruise IV along the .550 and -750 m isobath are relatively uniform. The lateral
extent covered is relatively small as compared to the 350 m isobath  sampling. Bulk
parameters are also uniform at these locations.

Seep [0 non-seep comparison

Stations occupied in known seep areas of the westicentral Gulf  of Mexico were
compared to control stations. In general the petroleum indicators are elevated by a factor
of two to three at the seep VS the non-seep sites (Table 5). Most of the petroleum is in the
form of EOM and aiiphatic UCM. This suggests that the petroleum is substantially
biodegraded. Variability in hydrocarbon concentrations at seep/non-seep areas is of the
same order of magnitude as along isobaths with varying sediment type. Previous
samplings have retrieved sediments with total EOM as high as 150,000 ppm as contrasted
to the average of 60.3 ppm for the two “seep” sites sampled in this study. This again
emphasizes the patchy nature of hydrocarbon distributions and in particular the non-
uniform distribution of petroleum seepage in any given area. The extremes of petroleum
hydrocarbon input to slope sediments are not represented in this set of samples, though
previous work documented that the samples are in an area of active, natural oil seepage.

Topographic features

One set of paired stations (WC-11 and WC-12) Were taken to compare bottom
topography effects. The sediment sample at a topographic high is elevated in petroleum
hydrocarbons (Table 6). This difference cannot be ascribed simpiy to topographic

Table 5. Comparison of sediment hydrocarbon parameters at seep and non-seep lm”ons
on the westlcentraf  Gulf of Mexico continental slope. .

Seep” Non-seep? Ratio$
Parameter n = 2 n = 3

Total EOM 26.3-94.2 17.4-23.9
(ppm) (60.3) (20.6). 2.9

Aliphatic  UCM 6.846.2 6.%7.9
p~~pm) (26.5) (7.6) 3.5

153-272 47.445.3
/&@J (212) (56.4) 3.8

147-237 110-273
p#JO (192) (201) 0.95

92.7-219 39.1 -52.5
PJP::) (156) (43.7) 3.6

99.%119 80.6-122
(Ppb) (110) (99.4) 1.1

Terrigeno& 46.8-117 29.2-151

Pe%%m
(82.1) (102) 0.8

193-457 120-174

Pl%Lic
(266) ( 144) 1.9

52.1-60.0 4.0-26.2
(ppb) (56.1) (12.7) 4.4

● Stations WC6, WC7.
? Stations WC2, WC4, WC3.
$ Ratio of seep parameter: non-seep parameter.



I{ydroc:lrtwns  m GUIf of Mcx[co scdimcn[s 419

Tublc 6. Cotrlparison  of .wdimetl! hydrocarbott  para-

ntc[crs  al rwo  clifferen!  [orographic settings

Wc-11 Wc- 12
Topo-Hi Top Low

Depth (m) 1226 1236

Total EOM 18.9 17.1
(pPm)

Aliphatic UCM 81.4 4.2

~J~pm)
266 67.5

T(FR*)
3070 183

JwJb)
248 45.7

JP:;)
852 44.9

(Ppb)
Terrigenous 2230 138

P!!K~nic 18.4 21.8

Pe%%m 1100 90.6
(ppb)

differences and more likely suggests that an additional input of hydrocarbons has
occurred at Sta. WC-11. More detailed studies will need to be performed to understand
the relationship between hydrocarbons and topographic expressions.

Re!ationrhip  to bulk parameters

In general, the highest aliphatic hydrocarbon concentrations were associated with the
more ciayish/organic  carbon-rich sediments. To understand more fully the sedimentolo-

. gical relationships, the three primary hydrocarbon sources are considered individually
since their distribution is controlled by different factors. The data must also be considered
in the context of the sampling design, i.e. areal, temporal and water depth depen-
dencies. The terrigenous or land-derived component tends to increase with clay content
within a given sampling period (Fig. 12). When the data are ~onsidered  as a complete set,
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no trend is apparent. This may be due to a changing clay to terrigenous organic ma[ter
ratio with time and location. Among the samples, the cruise 111 central transect and the
westicentral  samplings correlated least with  grain size. This may be due in part to a
substantial petroleum input to the TERR indicator that is independent of the Mississippi
river or a variable terrestrial input. [t is also probable that the distance the material is
transported and the composition of the transported material varies with time.. The largest
range in clay content was observed during cruise [1 when the western, central and eastern
transects were sampled (Fig. 13). [n this case, TERR generally increases with clay

. content and decreases with sand content. Within a given transect, the correlation does
not exist. In general, the relative importance of riverine  material between geographical
areas can be estimated, though variability within a given area (i.e. along a transect) can
be substantial. Petroleum indicators were generally independent of grain size, though as
previously mentioned some component of the petroleum is apparently related to river-
associated particies  (Fig. 14). Phytoplanktonderived  hydrocarbons did not comeiate
with grain size.

Aroma&ic hydrocarbons

Sediment aromatic hydrocarbons are below the GCEID detection limit (-5 ppb) at al!
locations sampled. This low ievel of individual aromatic compounds is consistent with the
low level of aliphatic  hydrocarbons. The aromatics, though a significant fraction of the
total weight of a petroleum, are generally on an individual compound basis, an order of
magnitude less concentrated than the n-alkanes.  The presence of aromatic hydrocarbons
at low concentrations was inferred from total scanning fluorescence analyses supporting
the conclusion that a low level chronic petroleum input is present at all locations

9
.

30 -
02 0.4 0.6 0.8 1.0

TERR (ppm)

Fig. 13. The relationship between a terrestrial hydrocarbon indicator
content of sediments from cruise 1[.

and the clay and sand
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sampled. This petroleum input could be due to sedimentation from the overlying water
column, transport of recycled organic matter from shallow water sediments (i.e. turbidity
flows) or petroleum seepage.

Carbon tiotopic  composition of sedimentary organic matter

The carbon isotopic composition of sedimentary organic matter for all five cruises is
summarized in Fig. 15. Isotopic data confirms the previously inferred influence of river/
land-derived material on the Gulf of Mexico slope. Though there are numerous
complicating factors, in general a more negative carbon isotopic composition suggests
greater land influence. Terrestrially sourced  organic matter 6 ‘3C varies from --25 to
–289//  and planktonicderived  carbon varies from --16 to –21%. The average 813C of
sedimentary organic matter becomes increasingly positive from the central to the west
central to the eastern sampling sites (Fig: 15). This trend infers a decreased influence of
terrestrial material at the eastern sites. Further dkcussion  of the carbon isotopic data will
be presented elsewhere.

CONCLUSIONS

Gulf of Mexico slope sediments contain a mixture of terrigenous,  petroleum, and

pianktonic  hydrocarbons. The influence of riverfland-derived material is widespread and
is probably delivered to the slope  by secondary sediment movement such as a slumping
and slope failure. Petroleum hydrocarbons were detected at all locations and have a dual
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source in natural seepage and river-associated transport. Other studies have suggested
that natural seepage is much more widespread on the Gulf of Mexico slope” than
previously thought and probably represents a significant if not a major inppt of petroleum
hydrocarbon to Gulf slope sediments (BROOKS et d., 1985, 1987; LACERDA et al., 1986;
KENN[C~ et aL, 1986). In general the concentration of hydrocarbon in slope sediments
was lower than previous reports for shelf and cmstal  sediments but no regular decrease
with increasing water depth was apparent below 300 m. Hydrocarbon distributions in
general are patchy on the slope and this maybe due in part to the non-uniform distribution
of natural seepage on the slope. Variability in hydrocarbon concentrations were as much
as 1-2 orders of magnitude along an isobath due to changes in sediment texture and
hydrocarbon inputs. Hydrocarbons were preferentially associated with clayish, organic-
rich sediments, again suggesting a linkage with riverdenved  material. Aromatic hydro-
carbon concentrations were very low at all locations but their presence was confirmed by
fluorescence.

Large areas of the Gulf of Mexico slope may be exposed to high Ieve/s of natural
petroleum seepage. The implications of this as far as the adaption of biota to high
hydrocarbon levels and one’s ability to discern changes in hydrocarbon levels after oil
development has begun may be far reaching.
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Abstract

sediment and water samples were collected by submersible
in Scptcmbcr 1986 at 16 locations on the carbonate cap
overlying a conical diapir,  which was formed by the upward
migration of oil and gas through a subsurface fault on the
continental slope off Louisiana, USA (274774: 91 “30.4TV).
The biological community at the site was photographed
quantitatively with still and video cameras. Rigorous spatial
sa.mphng  indices were maintained so that variation in chemi-
cal parameters and in the abuttdana  of photographed or-
ganisms could be sstitnatcd  within the bounds of the study
site. Concentrations of extractable organic material (EOLM)
ranged from 0.24 to 119.26Ym in the sediment sa.rnplcs, while
methane concentrations in the water samples were from
0.037 to 66.474 PM. The visible biological community was
predominantly composed of the chcmosynthetic tube worms
(Vcstintentifera)  LameWbrachia sp. and ficarpia  sp., and an
undcscribcd,  methane-oxidizing mussel (Mytilidac: Bath.v-
modiolus-like), as well as diverse non-chcmosyttthetic or-~-
nisms. The ranked abundanm of tubs worms was signifiit-
ly correlated @<0.05) with fhc cat=tration of EOM in
the sediment sampl~ while the abtmdattcc  of mtrsscls was
significantly corrciatcd @<0.05) with the conantration  of
methane in the water samplca. Tube worms and mussels
both occurred in dettsc cluste~ however, the clusters of
mussels had a more restricted dtibution  within the study
site than did clusters of tttbc worms. Both organisms were
most abundant in the vicinity of the subsurface fault.

Introduction

Dccpsca  communities of tubs worms (Riftiidac)  and bi~al-
vcs (Vcsicomyidac and Mytilidac) were first discovered at
hydrothermal vents at the Galapagos  Rift (Corliss  et al.

1979) and the East Pacific Rise (Rise Project Group 19S0).

These animal assemblages were shown to be dependent
upon chemolithotrophic  pr~ Ahtti by internal
symbionts  (Cavanaugh  et al. 1981, Felbcck  1981). Subse-
quent exploration incrcascd the known geographic range of
similar communities and documented their occurrence at
cold seeps as well as hydrothermal vents (Paull cc al. 1984,
Kcmticutt et al. 1985. Sucss et al. 1985, hubicr et al. 1986).
Primary food sources for the symbionrs of both ttrbc wotms
from hydrothermal vents and those from hydrocarbon seeps
(Lamellibrachidae and Escarpidac) arc rcduccd sulfur com-
pounds (Felbcck 1981, Brodts  et al. 1987 b). h un-
dcscribcd seep mussel harbors metbatrotrophic bacteria in
its gills and oxidizes dissolved methane (Childrcss ct al.
1986).

Ecological descriptions of vent and seep communities
have been based primarily upon ittterprcrations of still and
video photographs. which have provided information con-
ccrrsing spatial distribution and tcmpmd  variation of abun-
dance (Hccker 1985, Hcssler cl al. 1985, Tuttnicliffc et al.
1985. Fustcc  et al. 1987, Jtmipcr  and Sibuct ]987, Rosman
et al. 1987). Despite the geographic and taxonomic  diversity
of the communities dcscriw  they share several signifkant
cbaracteristica.  Although the depth range was large (500 to
6000 m), all were found bdow the photic  zone. All appar-
ently occurred at a gradient bcrwcctt  reducing and oxidizing
environments, either where reduced compounds, particu-
larly sulfides and methane, were issuing into oxygenated
waters or where anoxia occumcd  in the bcnthic substrate.
The density of individuals and the diverzity of the communi-
ties greatly cxcccdcd those of surrounding bcnthic areas.
Distribution of or-gtttistns within the communities was spa-
tially heterogeneous. Frequently, the transition between the
chcmosynthetic community and the surrounding environ-
ment was abrupt. Patterns observed in the distribution of
vent and scsp fauna have been attributed to supposed spa-
tial and temporal variations in the supply of sulfides and
methane. However. investigations of the distribution of
these compounds within the communities have been Iimited
(Johnson et al. 1986).



Thermogemc  hydrourbons  arc widespread in surfitc~
s e d i m e n t s  on [he upper contincntid  slope  of the Gulf of
Mexico (Anderson et al. 1983. Brooks et al. 1984- 1987a.
Kennicut~  et al. 1987a, b, 1988). Studies of the biota associ -
ated with several of these hydrocarbon seeps indicate that
the seeps can support communities with substantially
gretiter  biomass and diversity than k typical of the slope
benthos  (Kennicut[  et al. 1985, Brooks et al. 1987a. Ros-
man et al. 1987). Transport of biological production from
hydrocarbon seeps to the surrounding bmthoa  may contrib-
ute significantly to the ecology of the continental slope.
However, documentation and quantification of such a con-
tribution will be difkttlt;  the true extent of hydrocarbon
seepage is not known, the mechanisms for transfer are un-
clear, and the spatial patterns characteristic of seep commu-
nities  are not well characterized.

Distribution and abundana  of an assemblage of organ-
isms dependent on seeping hydrocarbons should reflect the
pattern of seepage and the quantity of hydrocarbons pres-
ent. A useful spatial description of such a community should
give its areal extent, the distributions and relative abun-
dances of the dominant orgartis~  and the environmental
variables that correlate with these distributions (l%tst=  et al.
1987, Juniper and Sibuet 1987). The present study describes
the chemosynthe[ic community at a site of’naturaf hydrocar-
bon seepage on the Louisiana S1OP (Brooks et al. 1984,
1986, 1987 a). The analyses of sediments and water asaoeiat-
ed with the distribution of the dominant megafauna  within
the community are quantifis@ variations in faunal  abtm-
dance are compared to local concentrations in hydrocar-
bons and to geological features.

Materiafs and methods

Site description and field methods

The site, known as Bush Hill, lies over a salt cliapir that rises
about 40 m above the surrotmdirtg sea flmr to a m.ittimmn
water depth of 540 m. The feature is hated 210 km south
southwest of Grand Isle, Lotrisiartz at 27”47’N;  91”30.4’W.
It lies in the Green Canyon offshore leasing area between
Blinks 184 and 185, approximately 2000 m from the drill
template of what is currently the world’s d&pcst  oil-
produetion  platform (Anonymous 1987). The sediment in
this area consists of silty-day and is of considerable thiCk-
ness ( >1 COO m). However, much of the dhrtmtary stmti-
fication of Bush Hill itseff (Fig. 1) has been eliminated by
rising gas and liquid and by in situ formation of authigcrtic
carbonate and sulfides, thereby creating a tisntic wipe-out
zone (Brooks et al. 1986. Behretts i988).

Bush Hill and its immediate surroundings were explored
during four dives of a research submersible in September
1986. A series of sub-bottom profiles of the study area were
obtained with a 3.5 kHz preeision depth recorder. The sub-
mersible carried a series of sedimmt  punch-cores. each con-
structed of 25 mm (id. ) PVC pipe and fitted with a handle

for oper:~tion by the submersihlc’s mechanical unn. A Icn:fh
of tlexible tubing  for colketion  of wster swnples  wis  run

from Ihc cnd  of the arm  to an intake port  in the aft  dive-
compartment.

Color images were recorded by a high-resolution video
emrrem (MOS Model 3000) mounted on a pan-and-tilt unit

and a 35 mm still camera (Benthos  Model 372) mounted
vertically. Both eameriis were equipped with ranging de-
vices. The video camera carried a pair of lasers. mounted in
parallel with 10 cm separation. Their beams appeared as red
dots in the video record; the distana between the dots pro-
vided a 10 cm scale for measuring photographed subjeets
and the field of view. On the 35 mm camera, a short-range
altimeter reeorded the distana from the bottom in each
exposure. l%k d:stanee, together with the acceptance angle
of the le~ was used to calctdate  the area of the bottom and
the size of the subjects in each photograph (Rosman  et al.
1987).

Dives consisted of a series of short(100 to 200 m) tran-
sects, during which the pilot of the submersible attempted to
maintain wxtstant  speed, altitude and heading. Start and
end times were recorded for each transecL The submemibk’s
range and bearing from the support ship were monitored
with a NorthStar Doppler sonar. The submersible’s absohste
position at the start and end points of each transcet was
freed by maneuvering the ship to a position dwly over the
submersible (zenith ~ 5 m) and recording the ship’s position
with LOFAN C.

The forward sphere of the submersible provided the pilot
and scientist with an unobstructed 18(P view of the bottom
in the submersible’s path- During each trartscet, the video
earttera  was allowed to rrm continuously while the scientist
recorded a narrative describing the objects in view, the time
of observations and the submersible’s bearing. The zoom on
the video camera was kept at maximum wide angle while on
transect. The camera was panned to aim the hem at farmal
clusters that the submersible pa.ssd Contemporaneous
notes and subsequent measurement of the video images indi-
cated that the video cameta  was consistently able to scan a
6 m wath along the bottom. Small organisms (<5 MS)
could be distinguished when they appeared in the center of
the field of view where the lighting was ksL

Collections of organisms, sediment cores and water satn-
ples were made while the submersible was stationary be-
tween transcets. Organisms were collected with the scoop
and claw devices of the mechanical arm and were placed in
numbered buckets on the front basket. Cores of the upper 30
to 40 em of surface sediments were colleeted with the punch
cores and placed in numbered, water-tight quivers. Water
samples were collected at distances that ranged from 0.1 to
3 m above the bottom. The intake tube was flushed with
ambient water prior to the colleetiort of each sample to
prevent cro.s.contamination of samples. Each water sample
consisted of a 50 ml syringe and a capped 300 ml bottle.
Seawater samples were fixed when colleeted with zinc ace-
tate and sodium azide for measurement of total sulfides
(Cline 1969. Goldhaber  et al. 1977) and low molecular
weight h ydroearbons  (Brooks et al. 1981). respectively.
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Rigorous sample conlrol \\fiis  maintained to ensure th~t the
location of rdch sample siIc was accurately recorded.

Obserwtions  of the Bush Hill community were conccn-
tmted at the top of the carbonate cap. with dives originating
at points on its periphery and proceeding inward (Fig. 2A).
Usable video records were cokcted on 20 trmsecls,  which
together surveyed 2716.2 linear metem and collected
112.7 min of data. The envelope surrounding the outermost
ends of the video transects enclosed 20 ha of the bottom
(Fig. 2A), and the swath of the transects covered approxi-
mately 7*A of this area. sediment cores and/or water sam-
ples were coUected at 16 sites along the transects (Fig. 2 B);
cores were taken al 13 of these sites, water samples at 12.
Video data were not recorded on the transect extending
beyond the envelope to the cast on Dive 1877 (Fig. 2A);
however, the observers reported no sightings of tube worms
or mussels on this transect. Video records made while tran-
siting to Sample Site 11 (Fig. 2 B) were unusable. A single,
isofated duster of tube worms was observed at this site. A
sediint core was taken adjacent to the cluster and a collec-
tion of the organisms was made.

Chemical analysis

Hydrocaxborss were recovered from sediients  by extraction
with CH&12. Sediment samples were lyophilized and then

“ extracted with CH2C12  for 12 h in a Soxhlet apparatus. AU
@~ was chned with solvents and combustcd  at
450”C for 4 h before use. The colkcted  extracts were con.
antrated by roto-cvapomtion  and analyzed by capillary
gas4sronsatogritphy  with flame ionization detection (GC-
FID).  Extract components were separated on a fused-silica
capillaryahtmtt  with sptirless injection (film thickness
0.2 I.USL i.d =0.31 mm  length =25 m). GC-FID conditions
for anrdyses were art initial temperature of 60°C with no
hold time and a programmed increase of 12 C mitt- a to
300°C (9 m-n hold time). The injeetion port and detector
were bcfd at 300 ‘C. Chromatography was performed with
either a Hewlett Packard Model 5880 or 5790 gas chroma-
togzaph.  The chemical analytical methods have ~en de-
scribed in greater detail elsewhere (Brooks et al. 1986, Ken-
nicutt et al. 1988].

samples to be analyzed for stable carbon-isotope com-
position (313C) were processed by standard methods With
both Craig-type and closed-vessd combustion techniques
(Sackett et al. 1970, SchoeU et al. 1983). Carbon dioxide was
analyzed on a Ftnnigan MAT-251 isotope-ratio mass spec-
trometer. The carbon isotope composition is reported in the
usual &notation (VS Pee Dee Bdetnnite standard). Low mo-
lecular weight hydrmarbons  (Cl -C4) were analyzed by the
method of Brooks et al. (1981).

Video  analysis

The video records
recorder equipped

of the transects were replayed on a
with freeze-frame and single-frame-

udvancc controls. Subjecis  sighted  in the \ ideo record ln -
cludcd  the larger  mobiic epifauna (fish imd crabs). clus[ers
of sessile epifttuni  (seep mussels. Vestimen[iferii  iind Gorgo-
nuc~a) and prominmrt benthic features (carbonate boulders
und gas SCCps). Each subject observed in the video reeord
wds idenlilkd  10 iowest practical taxon: and [he time of
observation. relative to the start or end of the transect, was
record.+.  Tfse resolution of the video images was sufficient
to distinguish objects of 2 to 3 cm size: however, identi-
fication of smaller objects was based on 3S mm photographs
or on close-up video images obtained when the submersible
was stationary. Video records obscured by disturbed scdi-

mertts were deleted from the data. The diameters of clusters
of seep fauna were measured directly on the monitor screen
with the scale provided by the laser  ranging  device. If the
diameter of a cluster exceded  the size of the field of view
(usually less than 3 m), ita diameter wa estimated from the
distance that it remained in view while it was traversed by
the submersible. These latter estimates were cottlkmed by
viewing the sequences one fmme at a time and estimating the
sde from the laser dots.

wkh the assumption that the submersible maintained
constant speed and -ng during transects, the observa-
tion times could be used to detesmtine  the relative position of
a video subject between natigatiott frees. By comparing the
tiie that elapsed betwectt the beginning of a ttansect and an
observation with the total time kctween the start and end of
the transect, its relative position along the transect was esti-
mated. AU samples and obaervsttioos, including the location
of a subsurfaa fault evident in the sub-bottom profiles, were
mapped onto a 1 km square (Fig. 2) with southeast corner
coordinates 27a46.67’N; 91 “30.6’W, and northwest comer
coordktates 27’47.21M  91°30.01 ‘W. The points of the navi-
gation fii= at the ends of tmtsects were converted to Carte-
sian coordinates within this square. The distance between
any two points witbin the square was determined with ele-
mentary trigonometry. AU organism, sedment  and water
samples and all video observations were Ihen indexed by
their rqective coordiitca.

Statistical methods

The individual sites where sediment or water samplK were
collected were ranked atxording  10 the abundance of both
tube worms and muds in the immediate vicinity of the
sites. The vicinity of eaeh site was arbitrarily divided into a
series of concentric rings of equal width (i.e.. a sequence of
radial distances from the site such as 0.0 to 1.5 m, 1.5 to
3.0 rtL etc.). Abundam  was estimated from the measured
diameters of the clusters of tube worms or mussels recorded
on the video transects that led up to, away from, or tangen-
tially past the sites (Fig. 2). Because all ObSSWdtiOnS  of
faunal clusters were spatially indexed within the study area,
the distance between clusters and sampling sites could be
readily determined. A computer program was written to
determine whether a given faunal cluster recorded in the
video dssta occurred near a sampling site; if so, its diameter
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progrim  had exwnined  all clusters. the resulting dat~ file
provided a basis for ranking any set of areas equally distant
from the sampling sites.

Sampling  sites were also ranked according [o the concen-
trations of the  chemical parameters measured in the  sedi-
ment or water samples. Correlations between sile rankings
produced by chemical concentrations and those obtained by
comparing faunal abundances were examined by the non-
parametric two-tailed Spearrnan’s  rho test (Conover 1980).
The confidence level for the tests of hypotheses was set at
z= 0.05. Repeated searches for significant cross-correlation
were carried out in this  manner for all the chemical parame-
ters and for different sequenas  of ring widths.

The distribution of tube worm clusters and mussel beds
was examined by plotting their Ioattion  within a map of the
study area. Given a range in size among these clust~ how-
ever, a point distribution does not accurately represent the
evident spatial distribution of abun&nce. Whit the asaump
tion that aIl clusters were circular, their measured diameters
were used to calculate the areal cover of tub ~orttt cbters
and mussel beds observed within  the community. A rcgrdar
surfaa of relative areal cover was then fitted to these data
(Sammarco and Andrcws 1988). The gzid size for the surface
was 10 m, and within each square the arcal  cover of faunal
clusters in each square was the distan=waghtetL  moving
average of all obsm-ations  (Ripley 1981). The averaging
function had the following form

z w (dJh) ZJE It” (dJh}

where, for each grid square, the intensity Z* is the waghted
average of the i=l, 2, ..., n estimates of areal Coveragq  and
di is the distance from the location of the obserwstion  to the
anter of the grid square-A unifotm band-width h, of 60 m
wss apptied to estimates of @ cOv~ of tu~ worm
clusters: a band width of 10 m was applied to estimates of
the more sparsely distributed mttasei beds Selection of band-
widths was subjective. Those sekcted  produad smooth atu-
faces without obscuring the Vasiabfity  of the data. A short-
tailed weighting functio~ w, treated the distant% x, Of the
observation from the gzid aqu=

w(x) =0.9375(1 -F)2

for-1 <.r<l.

Results

Community description

The sdments of the biologically depaupesate  periphery of
Bush Hill were pale ochre in color, with an -iIydistttrbed
flocculent layer. Although the bottom in this region showed
extensive ichnc-traces,  includktg brtrrow~  shallow depres-
sions and mounds, very few organisms were seen or photo-
graphed. Generally. the color of the sediment changed to a
slate-grey toward the top of the carbonate cap, and the
Iebesspuren became less frequent. Carbonate outcropping

ranged in form  from  rubble 10 prominent boulders. Along

the weslern side of the carbonate cap, the carbonate out-
cropping formed an escarpmem abast 15 m at its steepest
margin. The larger boulders were topped by gorgonians,
which frquently  supported large ophiuroids.  Large colonies
of the  scleractinian  oml Lophe/ia sp. were attached to the
ex~ portions of the boulders. Whtte, fiIigrced  patches of
bacteria occurred on the sediments (Fig. 3 A). Toward the
center of the corntmsnity,  the bacterial patches increased in
area and were interspersed with the slender (3.5 mm) black
tubes of a pogonophoran,  Gakzr/iea&norr n. sp., family Poly  -
bratildae (E. Southward personal communication). The
most prominent features of the rmnrmrnity  were bush-like
clusters of tube worms, which occurred both among the
carbonate “outczoppkgs and on soft sediments away from
Stii rubble.

Two species of vestimentiferan tube worms were identi-
fied as LanrAffbmehiu  sp., family Lamillibrachidae,  and
Ikarpia-iike  ~ family Eacarpidae (M. L. Jones per-
sonal communication). The csc@iL  distinguished in the
35 stun photographs by its distinctive flaring of the tube
opening (Fig. 3 B~ was the leas eomznon  of the two and
-Y  formed ~ chtsters  of recumkst  individuals.
The J2rnreiMr*  sp. formed bush-like clusters, in mmr-
ks ranging from a f& tens to many thousands of i~ividu-
als. Although bssdlibrachfa  sp. was clearly dorninan~
mixed chssters of bmcflibruchfa  sp. and the eaearpiid did
~.

Numerous dusters of tube worms were observed in the

video records Cable 1). Morphology, both of the individual
tubes and of the dusters of tubes, dtanged  as the number of
tube wotms in a duster increased. Luw tangJ~ 30 to 40 cm
in diameter, consisted of individuals with twisted and spiral-
sha# tubes (Fig 3 D). kr~ chat= up to 1 m in diame-
ter, had a CO- basket-like enter and consisted of
lon~,  less convointed  individuals (1%.3 C). The largest
clusters were dome+haped,  2 m or greater in diameter and
1.5 m in &aghC they consisted of long relatively straight
individuals (l@ 3A). Obtttsacular ply were clearly viai-
ble on the individuals that formed the outer surfaa of the

Talrk L Clusters of cbemmymhedc fauna enumemted and mea-
sured m riders rscosds CSwers of &znreffibr&  SP. pesdmenti-
fera) that eontaimd tbe epifarsnal bhlve Acewa bdiriase included
in tout for IivsufEfwnehti  sp. Ctusters of seep mrrasds (Mytili&e)
were s@rete beds of Ii&g individuals. D-eters of seven tube
worm dustera and thru mussel beds were estimated from transecl
kngdL AIl other dusters were measured directly with law  ranging
device mounted an video ~mera

Taaon  forming duster No. of Mao Standatd
dusters ~ deviation
observsd diam (cm)

Total Lwnellibrarhia  sp. 174 10L3 91.08

L.amrllibrachia sp. whit 11 1 !4.6 39.78
auached Arrsta brdlisi

SeYp  mussels 17 209.1 133.40



Fig. 3. Phonographs taken with vertically-mounted 35 mm camera. (A) Bush-Iike clusters of L.anscf/ibracIsia sp. (!). carbonate boulder (c)
and  bacterial ma{ (b). (B) Small [angle of /xwne//ibrachiu  sp. wi[h a[uched .-t cesra buffisi  (a). obtumcular  plume of Lomelfibrarhia  SP. (0)
and an cscarpiid  veslimentifcmn  (c). C: Bdskel-Iikc cluster of &mtc/fibruchia  sp. wi! Is seep mussels in ccnler. epikunal  sponge (s).
D: Transition htwccn  bcd of seep mussels and  sp~rsc  clusicrs  of Lomcllibrdriu  sp.; note dead musacis  shells
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cluster. o~cr which (hc submersible I ransiwd for :{ dlslancc
0( 9.3 m.

Attempts to collecl  both species demonsmstcd lha~ their
robes were often buried below the soft sediments for J
greuler length  than [hey protruded. One individutil. which
protruded approximately 50 cm. measured 168 cm when ful-
ly extracted. On this bdsis,  the largest individuiils may have
been 250 cm or more in length. The opisthosomes (cf. Jones
1985) always broke away from the posterior ends of the
tubes and were never collected.

An undescribed mussel (Mytilidae), which is sirrdm  to
members of the genus BathyrrrodiAs (R. D. Tumcr  person-
al communication). formed discrete beds  both on soft sedi-
ments and among carbonate outcropping; maximum di-
mensions of the beds were measured wi~h the laser ranging
deviee (Table 1). Tube worms and mussels occurred together
(Fig. 3 C); however. the larger mussel beds contained only
stunted tube worms, if any (Fig. 3 D). The beds were irregu-
lar in shape, often in close proximity to each other. and
ranged in area from less than 1 mz to approximately 20 mz.
Within the densest portions of the beds, mussels ranging in
length from e 20 to at least 90 mm were packed on end with
umbos pointed downward. Ekewherq they lay on their sides
or in a horizontal position with hinges in an upward posi-
tion. where  it could be obsmwed,  the periostractsm  on the
umbos was often deepiy pitte& revealing shell nacre. Several
defunct mussel beds. consisting of dismiculated  and broken

. shells, were also observed. Living mussels were sometimes
surrounded by a scatter of dead shells, both articulated
and disartimdated  and in various states  of preservation
(Fig. 3D).

Streams of bubbles, primarily methane, were observed
escaping from the substra~ both within the mussd  beds
and in their immediate vicinity. Some of these bubble
streams were intermittent tdeaseq others continued
throughout the period of ohaervatiorL When the bow of the
submersible gently nosed the bottom near one such bubble
stream, the disturbance released several large oil globules.
Such releases of oil were subsequently observed in several
locations, usually as a result of some disturbance of the
bottom. A dense orange-colored mat of bacteria often
covered the oily sediments.

A diverse assemblage of common slope fauna was
recorded in the still photographs and the video tapes. Bathy-
pdagic organisms included tunicates, squid and tnchiurid
fishes. The fish Hoplostethus  sp. was frequently seen hover-
ing over the tube worm ciusters.  Other fishes (including
Chaunox picrus, Urophycis  cirratus  and Perutedion greyae)
were frequently Obsetwed swimming near or resting on the
bottom. Crustaceans included decapod crabs (Ger-rwrr sp.,
Bothyp[ux  typhia  and Rochinih  erarsa). sk,: ..! and the giant
isopod  Ba/hynomus gigameau.

Epifaunal organisms were observed on the tube worms
and mussels. The bivalve Acesra bul/isi  (R. D. Turner per-
sonal communication. Boland  1986) was commonly at-
tached to the ends of the tubes of Lame[librachin  sp. Exiimi-
nation of photographs and collected specimens showed that

the lubes uere  !nserlcd through u cone~vc process in the
posmnor  nuir:]n of Ihc shells of A . bv//i.ri. and [Iui[  ~hc
obturaculitr  plumes of Ihe  Lulnc,llibrachia  sp. were extended
wit hin the mantle cavity of the bivalves (Fig. 3 B). Several
photographs showed a galetheid crab. Munidop.ris  n. sp. (L.
Pequegtat persomil  communication). clinging to the ends of
the tubes of the esGdrpiid. Other tubes of both species were
encrusted with hydroids and sponges. Epifaum~  on the
mussels included nerite gastropod (E. N. Powell personal
communication). an undescribed caridian shrimp, Alvino-
caris  n. sp. (A. Williams personal communication), and the
crab Benthosclzascon schmixti. The hag fish Epratretus sp.
was observed at rest in several mussel beds.

Sediment samples

The results of the sediment analyses are summti in Ta-
ble 3. The extractable organic matter (EOM) cortten~ rnain-
Iy oil. of the sediments ranged from 0.24 to 119.26~&  Gas
chromatograms  for sediment extracts indicated that the oil
had been subjemed to intense biodegradatio~ and that the
degree of degradation was highly variable. The organic car-
bon and carbonate carbon content of the sediment samples
ranged from 1.8 to 8.4% and from 6.3 to 58.3%, respective-
ly. The stable carbon isotopic composition of the organic
matter ranged from -22.7 to - 27.@/& Values for carbonate
carbon. mainly authigenic carbonate, were considerably
more variabk  and ranged from +0.6 to-12.9/=. Grain-size
analysis showed that the sdment composition varied be-
tween sample sizes. In general, the decreasing order of abtm-
dance of grain size in the sediment samples was clay, silt and
sand. respectively.

Water samples

The salinity values for the water samples ranged from 34.0
to 39.5%o (Table 3). Anomalously high values were obtained
at Sampling Sites 7 (0.5 m) and 16. Hydrogen .suUIde  con-
centrations ranged from 3 to 11 ~ and were generally
below the hit of quantif%stion (3 @f). Gaseous hydrocar-
bons were predominantly methane, which ranged in concen-
tration from 0.037 to 66.474 @f. Highest concentrations of
methane were obtained near the bubbling mussel W, con-
wnrration  gradients above the bottom were observed at
Sampling Sites 7.9 and 12 (Table 3).

Carbon isotopic composition of seep organisms

The carbon isotopic compositions were obtained for Lumel-
[ibrachiu  sp., the escarpiid, selected epifauna of Lznze!Mrra-
chia sp. and the seep mussel (Table 4). The J’ ‘C values for
Lame//ibrachia  sp. ranged from -21.1 to -24.3~m Specimens
ofAcesmbu//isihadd’3C values very similar to those of the
Lamellibrachiu  sp., with which they were collected Values
for the -drpiid rdnged from -25.8 to -27.4,!((. Tube-worm



isotope compositions were heavier than those obmined from
idemical Mxa at other Louisiana seep sites (Brooks el :11.
1987 a). Tubes of the ,Lamellibrachia  sp. had cmbon-isotope
ratios generally lighter than observed for vascular tissue.
Tube sections taken  along the length of two large specimens
of L.umeflibrachia sp. gave d‘ ‘C values that ranged from
-z7.z to - 30.3Y.g and ~rom -26.2 to -28.Y/& respectively.
with a weak trend toward lighter values at the anterior end

Table 2. Concentrations of chemical parameters and their earbon-
isoto~ impositions measured in Wlment  samples. When multiple
cores were collected at same sit< values shown are median values
observed. Carbon-isotope ratios are given in standaml 61 ‘C nota-
tion vs Pee Dee Belemrrite standard. See Fig.  2 B for sample ioca-
tions within study area

Site Oive Organic carbon Inorganic carbon
N o .  No.

Total WC Extsacrable  C03 &3c

organic organic r~) (%)
carbon material
(%) %)

1 1876 3.3
2 1877 7 . 7
3 1877 2 . 2
4 1876 1.9
5 1877 8.4
6 1876 2 . 8
7 1876 7.1
8 1876 4 . 2

10 1879 6.8
11 1877 6 .3
13 1876 1.8
14 1876 2.1
Is 1876 2 . 8

-25.0
- 2 4 9
-23.S
-24.3
-27.0
-22.7
-26.0
-2s.0
-24.6
-25.4
-2s.1
-24.3
-25.0

119.26
44.61

0.24
SL74
33.28
63.7S
6422

1.36
55.7s
11.10
S.52

40.11
4.42

19.7
12.4
12.0
9.9

58.3
10.s
16.0
7.2
7.1

15.5
6.3

13.9
8.9

- 9.6
- 6.9
- 2.7
- t2.9
- 8.1
-12.8
- 6.8
- 0.6
-11.2
- 8.4
- 0.9
-12.9
+ 0.6

O( [hc tubes. The lightest J’3C ~alue measured (- 32.8”,,,,)
was thut of an epifwmul sponge.

Fine-scale distribution of seep organisms

Significant positive correlation (p <0.05)  was observed be.
tweets the concentration of methane in the water column
directly above the bottom and the area of the tmttom  that
was covered with beds of living mussels (Fig. 4A). Signifi-
cant positive correlation (y c 0.05) was also observed be-
twan the concentration of EOM in the sediment and the
area covered by tube-worm clusters (Fig. 4 B). Significant
comelations  with methane and EOM were only observed at
smalI distanses  (<7.5 m) from the sampling sites. The op-
posite was observed with total organic carbon. Large mussel
beds were seen a! distances 7.S to 15 m from the three sites
where the highest valttea for total  organic carbon were meas-
ured (p cO.Oi). Correlation between methane and tube
worms and between EOM  and mussels was not sigttiflsant
(p >0.05). No aiguiikant  eorrelatior3 was observed between
percentage of carbonate sarbon  in sediment cores and the
abun~ of ather tube worms or mtsels. The measure-
ment of cluster diameters was  done with the laser ranging
deviee in all the tube worm clusters and all but two of the
mussel beds that were observed near the sampling sites.

Concentrations of methane at the 12 water-sampling
sites were paired with the area of the bottom covered by tube
worm cktsters or mussel beds in each of a series ofeoncentnc
rings surrounding the sampling sites (Fig. 4A). Correlation
was significant only with mussel beds and only when the
values from water samples taken at the lowest distance

Table 3. Concentrations of chemical parameters measured in seawater samples. Site No. refers to sample lodons shown in Fig. 2 B, height
above bottom is given in parentbeaex (bubbles~ sample eoketed  in bubbte  sttcauG (bottom): sample enlleeted <20 CM from bottom.
nd: not detectable (<3  @f); x not sampled. Multiple samples at single sampling sites wm oolkted at different d~tarsees  from bottom

Site Dive Satirsity sulfide Methane E&me Propane i-Butane n-Butane
No. No. W) (w) (M) (M) (w (PM) (JAf)

t (bottom) 1876 36.0 0s 0.098 0.006 0.000 0.000 0.000
2 (%ottom) Isn 34.4 nd 0.716 0.029 0.002 0.000 O.OQO
4 (bottom) 1876 3S.2 nd 0.094 0.004 0.000 0.000 0.000
S (bubbles) 1877 35.0 nd 66.474 0.712 0.890 0.169 0.336
6 (bubbles) 1876 35.6 7 31.885 0.845 0203 0.036 0.039
7 (bottom) 1878 35.1 nd 0.434 0.034 0.006 0.000 0.003
7 (0.S m) 1878 39.5 nd 0.290 0.020 0.003 0.000 0.000
7 (1 m) 1878 36.4 nd 0.200 0.015 0.003 0.000 0.000
7(3  m) 1878 35.6 nd 0.037 O.m O.(XX3 O.000 0.000
8 (bottom) 1876 3s.3 nd 0.368 0.011 0.003 0.000 0.000
9 (bottom) 1879 34.6 11 5.211 0.406 0.084 0.018 O.ot I
9 (2 m) 1879 3s.1 nd t .526 0.108 0.025 0.004 0.003

11 (bottom) 1877 34.0 nd 0.123 0.008 0.002 0.000 0.000
I 2 (bottom) 1879 34.9 nd 1.391 0.027 o.m5 O.000 0.000
12 (2m) 1879 34.9 nd 0.307 0.010 0.003 O.otto O.000
1 S (bottom) 1876 35.2 nd 0.172 0.010 0.002 0.000 0.000
16 (bcmom) 1878 37.7 3 0.086 0.003 0.007 0.004 0.000
16 (0.5 m) 1878 35.7 nd 0.070 0.000 O.oou O.000 0.000
16(lm) i 878 35.8 nd 0.070 0.000 O.w O.000 0.000
16(3m) 1878 35.4 nd 0.070 0.000 0.000 0.000 0.000
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a b o v e  [he tsot[om were used: the tcs[ stxtistic bxwnc  non-
sigruficanl \vhen values ~or mmplcs  obtitincd tit higher ttis-
lances abrr\,c (he bottom were substituted (Table 3). Results
of iteralive iipplicia[ions of the test  statistic converged when
a ring widfh of 7.5 m \vas used. That is. correlation between
methane and mussels iras significmst  at radid] distances of O
[o 7.5 m from the sampling sites and was non-significant at
greater distances re~drd~ess of how these interwls  were sub-
divided. The correlation between methane and tube worms
was never significant.

Table 4. Stable carbon-isotope composition of ehtiosyndretie  or-
ganisms and associated epifauna collected at Bush Hill. Carbon-
isatope ratios given in standard J 1 ‘C notation vs Pee Dee Bekmnite
s(andard.  Lamellibractria  sp. spximens were eolketed on Dive 1877
at Sampiing  S\\e t 1 (see FIg 2 B). Carbon-isotope ratios for paired
samples of Larnefiibrachio  sp. and its epifauna are given togetbcr.
One-em sections of tub from two large &mre/hbrachia SP. were
taken along lengths of the tulxs and analyzed separately. Standard
deviations of mean vducs given in parentheses

Taxon Sample type c5”c Tiiue type
(“a

Lamei!ibrochia  sp. paired sample 1
~cesra bullisi paired sample 1

Lame!iibrachia  sp. paired sample 2
A. buIIisi paired sample 2

Lzmellibrachia  sp. paired sample 3
A. builisi paired sample 3
sponge (unident.) paired sampk 3

LameIiibracllia  SP. mean of 10
sections

hrnellibrachia  sp. mean of 9
sections

L.ameIlibrachia  sp. trophosome
compxhe

Lame!librachia  sp. mean of 20
individuals

E.rcarpia-fike mean of 4
sections

&carpia4ike rrophosome
compaite

Nerke gastropod single individual

-21.1 vascutar tissue
-21.1 vasndar tissue

-23.4 vascular {issue
-222 wsscr.dar tissue
-24.3 vaaeutar tissue
-23.1 vasetdar tissue.
-32.8 whok animat

- 2S.1 (1.02) tube section

-27.5 (0-97) tube section

-23.9 vasdar  tissue

-23.9 (13s3) vasmtar tissue
and tube

-27.3 (0.69) tube seedon

-27.4 Vascukr tissue

- W.4 wamdiu  dasue

Flethane ( water san@es)

A H Mussels

0107.5 m 7,5 to tS m

Radial distance from sampling sites

Slnlli:lr  Pairirty  uI’ Ihe conccnlrxlions  ot’  EOM m cores
from LIw  15 WJIIneIII  xrmpling  sIIes \vith lhe ubundance of
IUbC uwrms or mussels uus  performed ( Fig. 4 B), AI sites
\vhere muluple  cores were taken  or where corm  were sub-
di\,ided, [he minimum, maximum. mean and median values
\rere used in turn to examine correlation. Although the tesl
statistics varied slightly, depending on which values were
used. the overall  .@tificwtce was unaffected; test statistics
for median values are plotted in Fig. 4 B. Iterative comparis-
on of the correla [ion between EOM and tulx  worms at
different radidl  intervaIs produced the following results: the
interval O to 4.5 m was non-signilicanc  [he intervaf 4.5 to
7.5 m was significant; the pooled observations in the interval
O to 7.5 m were significant. and all intervals greater than
7.5 m were non-significant. The correlation Ixtween EOM
and mussels was never significant.

Coarse-scale distribution of seep organisms

The locations of bush-like clusters of tube worms (F&. 5A)
and individual mussel beds (Fsg. 5 B) obsmed in the video
record were plotted on the map of the sampling area In alI,
the diameters of seven tube worm clusters and three mussel
beds were estimated from transect length. All other cluster
diameters were measured with the laser msging devie.  The
dktribution  of troth types of features was distinctly non-
uniform. Mussel beds were sighted only in the center  of the
surveyed area and in its northeastern comer. Tube-worm
chsstess were much more widespread. The data showed tivo
nodes of higher abundance one in the center and one in the
north-eastern comer. These nodes were sqsarated by areas
in which the bottom often had a mottfed appeamnce and
was encrusted with white bacterial mats. Solitary tube-worm
clusters were seen in plas. these tended to be smafkr than
those in the areas of higher abundana and were ofmn oc-
cupied by the epifaunal Acatu builisi  deadd  above The
distribution of fishes and other mobile epifauna was more
steady  uttifotut than that of the tube worms and mussels.

Smooth surfaes describing the area occupied by tube-
worm clusters (Fig. 6A) and mussel beds (Fig. 6 B) within
the sumeyed area were fitted to the estimates  of areal cover-

Extractable organic material (sediments) Fig. 4. Sprmman’s rho nnkcd-mr-
o.a

0.6

0.4

0.2

0.0

B ~ Mussels
_  Tube worms

v / / A - * = 0 .05

0 to 7.5 m 7.5 to 15m

Radial distance from sampling sites

relation-between values ofchemiil
parameters and areal  rover of tube
worms ( Lansellibrachia  sp. and es-

=rpiids)  or aaep muss.ek. T- SQ.
tistics  were computed for 5w0 radial
intervals from ampling  sites O to
7.5 m and 7.5 to 15 m. Values
greater than the z-level  indicate
significant pitive eorretation
(pcO.05).  (A) Coneenmmion  o f
methane in water sampk 12
paired samples for each radii in-
terval. (B) Coneentmtion of exsme-
table organic material (EOM) in
*\ment samptes  I 3 paired sam-
ples for each radial interval
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Fig. 5. Distribution of clusters of chernosynthetic  organisms at Bush Hill. Maps are 1 IOrBz, with grid points at 100 m intervals.
(A) Tube-woms  clustcm (Lomeffibruchia 5P.  and esearpiids). (B) Seep-mtts?el beds.  Striped line shows location of major fauh, stippkd tine.
outer extent of video coveragc

0.00

I
0

1.00 I

Frg. 6. &titnatcd rstative abundance of chcmosynthctic organisms within area of video earrtptirtg  at Bustt Hill. Projection waa rotated
counter-clockwise and tilted toward vicwec arrows show relative direction of north. Raised edges show outer extent of video coverage I=
Figs. 2A and 5). (A) Relative abundance of tube worms (Lume/iibrachia ep. and eacarpiids). (B) RetaIive abundance of seep mussels

age calculated from the video obaewations  by use of the individual clusters, was characterized by a lesser abundance

G3D procedure of SAS/Graph*  (SAS htstitute Inc. 1985). of tube worms. Tube-worm abundance d-ased abruptly
The greatest relative abundance of tube worms was seen in from the central node toward the western portion of the

the centml portion of the surveyed araz which was also al surveyed region, and decreased more gradually east~ra rd
the greatest elevation of the carbonate cap. The second node and southward from the top of the carbonate cap. Abun-
of abundance. which contained a comparable number of dance also declined toward the north; however. an outi} ing

. .
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ag:rcytion  o!’ lube-worm clusters occurred in the northeusl
corner 01’ !he surveyed area. Arc:ll  covernge of mussel beds
was  conccniraled  in the centml  region of the surveyed area

to J greater  degree [him that of tube-worm cluslers. Com-
parison of the surfaces of rclaiivc abundance (Fig. 6 )
showed thal the pak abundance of mussels was offset to the
northeasi by a distance of S5 m from the peak abundance of
tulx  womls. Within the surveyed area, mussels were more
restricted in distribution and comparatively less abundant
than tube worms. Both organisms were most abundant in
proximity to the subsurface fault: neither was observed to
the west of the fault. Secondary nodes of abundance for
both organisms were located on the secondary peak of the
carbonate cap, which is at the eastern edge of the wiped-out
area (Fig. 1).

Discussion

Density ofchemosyrrthetic  organisms, often based on qttali-
tative estimates of the numbers of organisms per unit area
has been used as a descriptive characteristic of vent and seep
communities. We restrict our estimates to measurement of
the widths of discrete clumps or clusters of seep organisms.
which arc recorded as scalar quantities along the video tran-
sects. Anempts to count individuals within clusters arc re-
jected as inaccurate because of the pervasive layering and
clustering of animals in our photographs and video records.
Estimates of relative abundance are then obtained by as-
suming that the clusters are circular in shape and comparing
the estimated area mupied by clustcra at different locations
within the community.

These methods are subject to artain  sampling errors.
For example, the iimit of precision for the navigation fues
is the length of the submersible (7.5 m). Water samples could
be collected directly over the faunal clusters, while sediment
cores had to be taken next to the clusters. T’Ms suggests that
examining spatial distributions at a scale of less than the
submersible’s length is unrealistic with theac data. A second
source of possible error is the occurrence of non-circular
clusters. Examination of 35 mm photographa shows that
tube-worm clusters consistently have a circular outline.
However, mussel beds are often irregular in sha~ so a
circular area is an approximation of their true areas. The
inherent] y indistinct edges of tu~worm  clusters and mussel
beds resulted in imprecise estimates  of diameters. Despite
these drawbacks. the methods were consistently applied.

The measurements provide a reliable means for ranking
sampling sites by abundance of organisms and for examin-
ing the distribution of abundance of seep organisms within
the sumeyed area. Such comparisons are also quite robust
with respect to imprecise cluster measurements or variation
in cluster shape.

The methanedependent physiology of the seep mussels
(Childress et al. 1986, Fisher et al. 1987) suggests that their
fine-sale distribution within a seep community is deter-
mined by the avai~dbi  lit y of methane. The positive  correla-

tion between the abundance of mussels and the concenwa-

I ion of mclhanc m the ncirr-bo[tom  \vatcr  IS consljtel}l  ,, ,In
this expectation. TIM  streng!h of [he correla[lon  dccrcajed
wiih distance from the sumpiing  sites.  which could  lndtc~te
thal discharges of the methane that nourishtd indiwdual
mussel beds are discrete rather than perfusive. This u’ould  be
consistent with the variability of me!hane concen[ralions m
bottom-wd[er samples. The caurrence of mussel bds is
distinctly clustered within the sumeyed area.

In a similar vein. the fine-scale distribution of Lame/li-
iwuchia  sp. and the escarpiid should be controlled by the
sources of reduced sulfur compounds (Brooks et al. 1987 b).
The positive correlation between the concentration of EOM
(and hence sulfide) in the sediments and the abundance of
tube worms is therefore reasonable, because the seepage
may either cmtain sulfides or enhance anoxia throug~  mi-
crobial depletion of oxygen during degradation. The corre-
lation is non-aignifiint  at dutances  greater than 7.5 m from
the sampling sites. This suggests that the sources of EOM
that provide sulfides for individual tube-worm clusters are
discontinuous. Unlike mussel beds tube-worm clusters are
widely scattered across the top and uppr flanks of the
carbonate cap.

If oily sediments provide a sulfide source, our observa-
tions do not show how the Lamellibrachia  sp. and the es-
carpiid  at Bush Hiil are able to make use of this source. hs
the hydrotherrtasI vent vcsdmentiferan R~@  pachyplila,
sulfide uptake is via the branchial tentacles of the obturacu-
lutn (Arp and Cltildress 1981, Felkk 1981). and sulfide
concentrations in the water around clusters of R. paciryprilu
are in the order of 100 to 350 @i (Corliss et al. 1979, Arp
et al. 1985, Hemler et al. 1985). These sulfide concentrations .
are substantially higher than the levels measured at Bush
Hill. The stdfide cottcetrtratiorts in our water samples taken
away from the bottom were all below 3 @f. The highest
auwlde concentration (11 ~) was observed in a near-
bottom sample, a stratum at least 100 cm beneath the levei
of the plumes in the larger bush-formations.

For these tube worms to utilize sulfides associated with
oil-stained sedimen@ it is necesaaty to invoke either episod-
ic releases of sulfides that were undetected by our sampling,
utilization of traa levels of sulfides by these species, or
d- absorption of sulfides through those portions of the
tubes that are buried in a sulilde-rich substrate. This latter
assumption would be consistent with the observation of
Brooks et al. (1987b) of substantially “dead” radio-carbon
in tissue of bneiiibrachia  sp., suggesting that the source of
~Isaolved  inorganic carbon is the sechments (old), not the
ambient bottom water (rectnt).

Constraints on the ocrtrrrence of tube worms  and mus-
sels, other  than the availabtity  of nutrients, are not known
in detail. The carbonate cap is a heterogeneous environment
with a variety of substrates, current patterns and Iopo.ga-
phic slopes. The ptetrtial for predation by fish and crabs is
significant. DitTerential  settling rates for larvae of WP or-
ganisms could also affect their dktribution  on the carbonate
cap. These organisms are. however, dependent on nutrien~
that are only available in very restricted portions of the slope
benthos. The dkwibution patterns of tube worms and seep



mussels  rctlxt t h o s e  o f  EOM  imd mctlutnc,  rcspcctivc[y.
Thc contrast bawccn  the dis[ribuiion  of tube worms and
mussels su:gcsts  III:It these patterns can be tipprisised a{ t\vo

scales of wdrialion.  In the vicinity of chemical sampling
points (I5 to 30 m $caIe).  sources of both methane and EOM
are  discrete and discontinuous. Within the surveyed area
(100 to 500 m scale). both compounds are most ssbundam  on
{he top of the carbonate cap near a major subsurface fault.
Methane sources are relatively resmicted;  EOM sources are
re[~tively dispersed.

Behrens (1988) attributes the seepage of gas and oil to
activity within faults. Sibuet et al. (1988) observed correla-
tion between aggregations of Calyprogerru  sp. and the loca-
tions of faults in a deep-sea subduction zone off Japan. T’he
coarse-scale distribution of tube worms and seep mussels
might therefore be explained by the presentday pattern of
seepage through the fault. It is reasonable that liquid-phase
oil would be more widely dispxsed  by diffusion through
porous sediments than gaseous-phase methane would be.
However, we know of no geological study that compares the
horizontal distribution of seepage at the level of resolution
that is evident in the faunal dlstnbutions.

Methane and oil are both seeping to the surface from a
deep (2 O(3O to 3 COO m) reservoir (Kemxicutt et al. 1988).
The oil production platform being established in the Green
Canyon 184 lease block will exploit this reservoir. Surface
hydrocarbon seepage decreases or disappears after pro-
longed oil production in terrestrial oil fields (1-foMtz 1972).
011 production from the Greets Canyon 184 reservoir may
have a similar result and have an impact on the nearby Bush
Hill chemosynthetic cammtsnity.
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Abstract

Communities of chemosynthetic fauna that depend on seeping oil

and gas have been found in the Guif of Mexieo at approximately
45 sites between 8&W and 9YW and &tween  the 350 and 2.200
m isobaths. Investigations suggest that the number of sites and
the range of occurrence will increase with additional exploration.
The dorninarst  fauna consist of species within four groups  tube
worms, seep mussels, epibenthic clams, and infaunal clams. These
species eo+xcur  to some degree. but tend to form assemblages
dominated by a single group. Community development is closdy

coupled to the geological and geochemicat  processes of seepage.

Introduction

The initial discovery of hydrothermal venting at the
Ga15pagos  Rift sea floor spreading center (Lonsdale
1977) was occasioned in part by the observation of
anomalous concentrations of clams (Calypfogena  sp.)
in an otherwise depauperate  abyssal zone. Subse-
quent exploration of thk  first known chemosynthetic
habitat (Coriiss  and others 1979) revealed other, re-
markably dense, aggregations of species including
the tube worm Rifti.a  pachyptila and the mussel Bath-
ymoa!icks  thernrophilis.  These species all host bac-
terial endosymbionts that fix primary carbon via
chemicai  energy (Cavanaugh and others 1981, Fel-
beck 1981) from the sulfides produced by interaction
of basalt and super-heated seawater (Edmond  and
others 1982). Chemical enrichment of the benthos
necessary for chernosyntttesis  has subsequently been

attributed to a number of “cold seep’* processes,
including continental-margin brine seepage (PauIl and
others 1984). hydrocarbon seepage (Kennicutt  and
others 1985), conate out-watering at subduction zones
(Suess and others 1985, Ohta and Laubier 1987),
decay of whale carcasses (Smith and others 1989),
and sedtment slumping (Mayer and others 1988).
These attributions were all initially inferred, at least
in part, from the presence of chemosynthetic  fauna.
Biological observations have clearly provided a rich
source of fact and speculation regarding geochemical
enrichment at the sea floor.

There have been many attempts to explain the
dktribution of benttiic fauna of the deep sea in terms
of variations in abiotic parameters at a zonal  scale,
that is, tens to hundreds of kilometers (Carney and
others 1983), or at a fine scale, that is, centimeters
to meters (Jumars and Eckman 1983). Use of deep-
water camera sleds, remotely operated vehicles
(ROV’S),  and manner submersibles, as well as im-
proved methods for interpretation and analysis of
photographic data, have produced a number of re-
cent deep-water studies in which patterns in faunal
distribution were resolved at an intermediate scale,
that is, meters to hundreds of meters (Hecker  1990,
Messing and others 1990, Schneider and others 1987).
However, although both the physical structure of a
habitat and the Iocal distribution of its characteristic
fauna can be accurately mapped at this scale,  the
basic trophic control of communit  y development and
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structure must he inferred empirically where  primary
production is absent. Ecologists typically invoke some
combination of advective  processes to explain ob-
served patterns of faunal distribution.

Chemosynthetic  fauna represent ~ genuine excep-
tion to this situation. Where reduced inorganic com-
pounds are available at the sea floor, the bacterial
symbionts  and their metazoan hosts enjoy a relatively
unlimited food supply and form aggregations that
have much greater densities than the surrounding
benthic  community (Jannasch  1984). Because the in-
org>nic  compounds have a highly localized source at
the sea floor (for example. hydrothermal vents), such
communities are characterized by distinct clusters of
animals (Grasde  1986). Development and spatial
structure of a chemosynthetic  community are there-
fore tightly coupled to specific geological processes
and structures (Hessler and others 1985).

This line of argument suggests that a map of che-
mosynthetic  fauna at a Gulf of Mexico oil or gas seep
is also a map of the surface expression of seepage.
In fact, it may be easier to examine chemosynthetic
communities in deep water than to map seepage di-
rectly. Thus, a description of an oil seep community
may yield information regarding the extent and his-
tory of seepage that is unavailable by other means.
Here we describe varieties of chemosynthetic com-
munities that have been found at hydrocarbon seeps
on the continental slope of northern Gulf of Mexico
and provide some details of their local geological

settings,

Nlateriais and Methods

The initial discovery and early exploration of slope
hydrocarbon seep communities were conducted with
otter trawls (Kennicutt and others 1985, Brooks and
others 1987a) and camera sIeds (Rosman and others
1987). Subsequent explorations have relied on sub-
marines. The nuclear-powered submarine USS NR-
1 was deployed on the Texas and Louisiana conti-
nental slope during the course of three field seasons
(1987- 1989) for a total of 90 days of continuous sub-
merged operation. This ship continuously records its
depth. its altitude above the bottom, and its position
relative to an initial “mark on top” on magnetic tape.
These data are normally recorded every 10 see, though
intervals of 1 see can be used. Unique among naval
submarines, the ship has three 7.6 cm view ports in
the bow; instrumentation comprises forward-looking

and side-looking sonar, 3.5, 7, and 25 kHz subbottom
profilers, two emulsion cameras, and an array of
monochrome video cameras. The vertically mounted
video camera was used to estimate the areal cover
of chemosynthetic  fauna by scaling the recorded im-

ages to its altitude iiild  tk  iICCCPtiltl  Ce mgles of its
lens. Overlapping images from this cumera \verc
compiled to directly map Imgc areas of the bottom.

The submarines Johnson SEA-L[NK 1 and PISCES
11 were deployed on the Louisiana slope during four
field seasons (1986- 1989) for a total of 38 dives.
These craft generally make two 3-hour dives per day.
Their range is limited and their navigational capa-
bilities imprecise; however, their mimeuverability  and
wide range of sampling equipment (sediment corers,
grabs, scoops and suction hoses for collecting orga-
nisms, maneuverable water intake ports, and Nisken
bottles) have permitted collection of numerous phys-
ical samples and living specimens. Their cameras.
video and emulsion, were superior and could be ma-
neuvered to provide detailed in sim documentation
of the communities and their physical settings.

Findings and D~ussion

Zonai Distribution of Chemosynthetic  Fauna on [he
Conrinerzffzl  Slope

Chemosynthetic fauna have been collected or ob-
served in at least  45 locations on the northern Gulf
of Mexico slope, between 88°W and 95*W and be-
tween the 350 and 2,220 m isobaths (Fig. 1). This
geographic and bathymetric range represents the Iim-
its of exploration, not a zoogeographic  range. The
most recent extensions of this range were S .J.
McDonald’s discovety  (unpublished data 1990) of
tube worms and mussels in Alaminos  Canyon
(26”21.3’N  and 94’29.8’W,  water depth 2,222 m) and
vesicomyid  shell beds with sparse clusters of tube
worms in the VIo& Knoll region south of Mobile,
Alabama (K. Graham, personal communication 1990).
These findhtgs extend the southern and eastern geo-
graphic limits  of the slope communities and more
than double their known bathymetric range. There
is every indication that further exploration will in-
crease the number of sites and may extend the range.

Broadly speaking, exploration for chemosynthetic
fauna has been conducted where seismic “wipe-out”
indicated oil or gas seepage in the near surface sed-
iments (Behrens  1988, Kennicutt and others 1988a,
b) and, although the abundance and species com-
position varied, the results were usually successful.
Stable carbon isotope ratios of animal tissues col-
lected at many of these sites distinguish heterotrophic
(/j’3c = – 14 to –20%0) sulfur-based @’ 3C = – 30
to – 42%o) and methane-based  (813C < – 40%..) en-
ergy sources (Brooks and others 1987b).

There is difficulty fixing the exact number of sites,
partly because the trawl collections were inherently
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Figure 1. Continental slope south of Texas, Louisiana. and Alabama. C)pen circles mark (he nominal locations of chemosynlhetic
communities that have been found to date: occurrence of these communities is frequently patchy: therefore the precise number of
communities cannot be fixed with certainty. These finchngs represent the limits of present exploration. not the zoogeographic  range of
chemosynthetic communities on the slope. The mos~  recent discoveries (arrows) considerably extend the geographic and bathymetric
range of known communities.

imprecise, but primarily because no broadly accept-
able definition exists of what constitutes a discrete
community. Management concerns (Minerals Man-
agement Service 19S8) refer to “high-density” com-
munities that might be affected by oil exploration or
production. This is not totally satisfactory because,
as will be described below, aggregations of clams
occur in low densities or beneath the sediments, often
dispersed over areas of several hectare, whereas a
“high-density” occurrence of tube worms may be
confined to a single, l-m wide cluster. Sk shown
in Figure 1 designate the following 1) mid-points of
trawl tracks on which chemosynthetic fauna were
collected (see Kennicutt and others 1988a), 2) a sub-
stantial number of high-density clusters within a ra-
dius of about 500 m, or 3) a substantial number
of low-density aggregations within a rachs of about
5,000 m.

Communities Dominated by Tube Worms

At least two undescribed species of tube worm, LQ-
melf.ibrachia  sp. and E,rczzrpia sp., are CQmmordy  found
at seep sites (MacDonald and others 1989). The spe-
cies, assigned to the recently erected phylum Ves-
timentifera (Jones 198.S), lack mouth, anus, and
digestive system and live in a tube about 1 cm in

diameter and up to 2 m in length, which consists of
tough chitin (Gail], personal communication 1989).
The posterior end of the tube may be either buried
in soft sediments or attached to a rocky substratum;
a small, red-orange plume, the obturaculum.  is ex-
tended from the anterior opening and serves as a gas
exchange organ. Most of the body volume consists
of trophosome: the organ that contains the bacterial
symblonts (Jones 1985). Lamefiibrachia  sp. is gen-
erally  the more abundant of these species and occurs
in clusters that range from sparse tangles of recum-
bent individuals to dense, hemispherical “bushes”
up to 2 m in height and 1 to 3 m in diameter (Fig.
2). The largest tube worm communities comprise tens
of thousands of individuals that grow nearly vertically
to a height of 2 m or more in unbroken stands up to
20 m in diameter.

Epifauna are common among the tube worms; ses-
siie  forms include sponges, gorgonians,  and a scallop-
like bivalve Acesta bulfisii,  which attaches to the
anterior ends of the tubes and actually encloses the
plume in its mantle cavity without apparent harm to
the worms (Boland  1987). The soft corals are note-
worthy because they are slow-growing forms; their
presence indicates a slow growth rate for the tube
worms as well. Mobile fauna include fishes and crus-
taceans that are commonly found on the continental



slope, but are particularly abundant around the tube
worm communities.

Tube worm communities have been found on gra-
bens or half grabens at the crests of diapirs. A pri-
mary example is the “Bush f-fill” site (27”47’N,
91”30’24”W)  described by MacDonald and others
(1989). More substantial communities were subse-
quently found in the northeastern comer of the Green
Canyon 234 lease block (27”44’50”N,  91”13’30W).
The geology of this region has been described by
Behrens (1988), who perceived a network of diapir
crests that converge to the west of the site as an east-
west trending diapir ridge. Seismic wipe-outs (Beh-
rens’ type 11) are widespread, and substantial quan-
tities of oil are dispersed in the sediments (Behrens
1988, J.M. Brooks, unpublished data 1987). The sur-
face topography is uneven with sometimes massive
deposits of authigenic carbonate either exposed or
thinly draped with sediment. Tube worm commu-
nities appear to be restricted to terraces where the
seismic reflections (25 kHz) are wiped out within -3
m of subbottom (Fig. 3) and extensional faults ap-
proach the mud line.

Massive tube worm clusters, with their tough and
densely intertwined tubes, present a formidable ob-
stacle to collection. so the attachment substrata of
such aggregations are not known. Most of the spec-
imens collected to date have been relatively small
individuals taken from the periphery of larger clus-
ters. Generally, the posterior portions of these tube
worms were buried beneath the sediments at depths
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Fiire 2. Clusters or “bushes” of
the vesitmeutiferan  tube worm .L4-
melfibmchiu n. sp. near 27%4’ 50”N,
91 °13’30”W  at a depth of --550 m.
‘he state of the photograph is ap-
proximately 2 m across the bwom
edge of the frame.

of 10-20 cm and extended laterally for lengths up
to 1 m. This burial poses a perplexing problem be-
cause the Vestimentifera are thought to grow from
their attachment point (Southward 1975); if so, they
must become buried after attachment. Given the
sedimentation rates on the upper slope (10 to 60 cm
per 1,000 yrs), burial at a depth of 10 cm implies a
very slow growth rate. C,. R. Fisher (persona! com-
munication 1989) has suggested that the chssters  may
increase local sedimentation in a manner analogous
to formation of snow drifts around bushes; a more
accurate analogy Would be the accumulation of clay
within mangrove thickets (A. I-L 130uma,  personal
communication 1990).

Tube worm growth and burial rates are germane
because of the uncertainty regarding the actual mech-
anism for sulfide uptake. At hydrothermal vents, sig-
nificant concentrations of sulfides occur in the anoxic
vent effluents and are absorbed by the vestimenti-
ferans from the water column via the obturaculum
(Arp and others 1987). At hydrocarbon seeps, sul-
fides are concentrated in the sediments but are ab-
sent from the overlying water column at the level of
the obturacula  of seep tube worms (MacDonaid and
others 1989). A probable, but untested, mechanism
for uptake of sulfides by seep tube worms is direct
absorption through the portions of the tubes that are
on or beneath the sediments. This suggests that tube
worm communities form on patches of oily sediment
within wipe-out zones where sulfides either occur
with the oil or via the anoxia caused by microbial
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Figure 3. Observations of wipeaut  depth, tube worm cover and topographic profile (water depth) along a 1,0S0 m cast to west transect
of tube worm community site near 27’%4’SO”N, 91”13’3UW with NR-1.  W@e-out depth indicates the maximum depth of seismic reflectors
detected by 2S k% subbottom profiler; wipe~ut  depth was measured at intervals s3) sec from a continuous record. Tube worm cover
gives the propofiion of the video frame filled by tube worms (L.ameUibrac/ria sp. ): video records were continuously recorded along the

entire transect with a vertically mounted camera. Water depth was recorded at 1 sec intervals along transect.

oxidation of the hydrocarbons and where the com-
bined effects of carbonate precipitation and in-
creased sedimentation cause a gradual mounding of
the substratum.

Communities Dominated by the Seep Mussel

The seep mussel (Batlzymod.iohs  n. sp.: Mytilidae)
has been shown to possess methanotrophic  sym-
bionts  (Childress  and othe~ 1986), which are con.
tained within the greatly enlarged gills of the species.
Beds of seep mussels occur within tube worm dom-
inated communities, often at sites where the escape
of methane into the water column is visible as a stream
of bubbles. Mussel abundance was found to be sig-
nificantly correlated with elevated caxentration  of
dissolved methane (up to -60 PM) in seawater col-
lected at 12 sampling lcrations on Bush Hill
(MacDonald and others 1989). However, the largest
assemblages of mussels yet discovered on the slope
have occurred at sites where dissolved methane is
available as a component of hypersaline  brine.

MacDonald and others (1990a) investigated one
such community, dubbed Mussel Beach (27’44’5”N,
91”32’16’W),  that occupies a 10 ha area of relatively
level (total chahge in depth <10  m) bottom at a mean
depth of 630 m. This site lies at the head of a broad
graben that extends to the southeast for at least 12
km (Behrens 1988) and is bounded to the northeast
by a steeper slope. The subbottom signal (25 kHz)
throughout this area is reduced in a thin (<1 m) layer
immediately below the surface; however, surficial
rocky strata are limited to small carbonate outcrops
at the base of the slope. Therrnogenic gas hydrates
were collected from the surface sediments in this site
(J.M. Brooks, unpublished data 1987), so it is likely
that the signal attenuation is due to a diffuse layer
of hydrates.

Musseis  occurred in linear beds (Fig. 4) that com-
prised up to 50 m2 in area, whereas tube worms were
rare and occurred in much smaller (ea. 30 cm) clus-
ters. Bubbling gas seeps were also rare and, although
mussels were seen at these seeps, bubble streams
were not seen around most of the mussel beds. The
implication of this lack of bubbling gas seeps is that



vol. 10, No. 4. 1990

methane was becoming available to the mussels via
a different process than at the Bush Hill-type com-
munities.

A noteworthy characteristic of the Mussel Beach
site was extensive patches of discolored sediments.
Visually, these patches were blue-green, tended to
occupy shallow (<20 cm deep) depressions, and often
formed linear patterns that resembled miniature del-
tas or meanders. The cause of the discoloration is
brine that escapes from the sediments and flows or
pools at the sedimentkeawater  interface. Although
attempts to collect brines in fluid samples from the
sediment interface were inconclusive (maximum sa-
linity 39%), the pore fluids that were squeezed out
of the punch cores contained salinities of up to 100%’&
(MacDonald and others 1990a).

Methane entrained in seeping brine (e.g., by de-
composition of gas hydrates) provides an alternative
means for conveying methane to the mussels.
MacDonald and others {1990a) mapped the fine-scale
distribution of mussels and brine seeps at Mussel
Beach and examined the length frequency histo-
grams of collections of mussels taken near areas of
brine-stained sediments. They proposed that larval
mussels selectively settle at or near the brine seeps.
Settlement may cease, however, if the discharge of
methane-rich brine is reduced. The result is a mix of
mussel beds, some with a significant proportion of
juvenile settlement classes, while others consist only
of adult classes. These “young” and “old” beds are
spatially discrete and may occur in close proximity

F~ure  4. Beds of the seep mussel
(Badrymodiok  n. sp.) lining brine
seep ftow channels near 27”44’55W,
91”32’16”W. Photograph taken with
a vertically  mounted camera: ~le is
-1.25 m from left [o right edges.

to each other because the brine is confined to distinct
pools and channels on the sediment surface.

More recently, a small (190 mz) pool of brine (sa-
Iinity  121.35%o)  was found near 27”43’24”N  and
91”16’30W at a water depth of 650 m (MacDonaid
and others 1990b). The brine filled the pool to a
depth exceeding 3.5 m and contained saturating con-
centrations of microbial methane (Si3C = – 63.8).
It was ringed by a large  (540 mz) bed of seep mussels.
Mussels settled on the “shoreline” of the pool in-
cIuded numerous juveniles, whereas the periphery
of the bed comprised a single settlement class without
juveniles. The difference in length frequency sup-
ports the preference of settling mussel spat for open
brine. The pool, dubbed Brine Pool NR- 1, was sit-
uated on a mound with an eievation  of about 6 m
and a basal diameter of about 130 m. Given the local
elevation of the pool, it was apparent that brine filled
the pool by welling in from below, rather than by
the side-filiing  process which has been described at
other brine pools (Rezak and Bright 1981) and basins
(Shokes  and others 1977). Furthermore, although
brine is undoubtedly lost from the pool by diffusion
into the water column and lateral percolation through
the sediments, the continuous band of mussels sur-
rounding the pool counter-indicates channelized  run-
off and may help to stabilize the nm.

Video records and field notes from the operations
with NR-1 were reexamined in the light of these
findings and it became clear that at least  two other
brine pools had been observed at 27~6’30N,
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Geo-hfarine  Letters

91 °40’30’W,  662 m depth and 27T35’59”N, P55’58’W,
590 m depth, respectively. The former was evidently
in an earlier stage of formation than Salt Well NR-
1 because large plumes of sediment were beiig ejected
with the escaping gas bubbles and the very steep
(-8W’) rim was still collapsing into the pool. Despite
evident quantities of methane at both sites, neither
had been colonized by mussels. The features may
have formed too recently for colonization to have
occurred, or the rapidly eroding rims may not yet
provide a stable substrate for settlement.

Assemblages Dominated by Vesicomyid  Clams

Vesicomyid assemblages comprise the species Ca-
lypfogena  ponderosa  and Vesicomya  cordata  (Boss
1968). Carbon isotope ratios in tissue samples from
these species (Brooks and others 1987b)  indicate che-
moautolithothrop  hic utilization of sulfides. Both spe-
cies are epibenthic  and mobile; ventral margin is down
in life position, with the anterior part of the umbo
pointing toward the sediment at an angle of -40°
(Fig. 5). They move by plowing through the surface
sediments, leaving distinctive vee-shaped  trails (Ros-
man and others 1987). This life position and trail-
making habit was now known to be widely charac-
teristic of the Vesicomyidae when they occur on soft
substrata, having been reported from abyssal  habi-
tats in the Japan Trench (Ohta and Laubier 1987)
and the Laurentian Fan (Mayer and others 1988).

Rosman and others (1987) described two vesico-
myid aggregations on the Louisiana Slope that had
minimum widths of 95 and 145 m, respectively, and
comprised a mixture of living individuals and dead,
disarticulate shells. N. L. Guinasso  (unpublished data

Fiine 5. Epibenthic aggregation of
the vesicomyid clam Culypfogena
ponderosu  near 2745’WN,
8T58’18”W, !?40 m depth. Note the
traits formed by living dams as they
plow through the surface sediments.
LWing clams are frequeotiy associ-
ated with pavements of dead shell.
SAC of photograph (taken with ver-
tically mounted camera) is -2.25 m
from left to right edges.

1989) has described aggregations several times larger
based on surveys with NR-1. He repotts numerous
doughnut-shaped sonar reflectors from this site. One
of these, which was examined in detail, was a small
blow-out crater or pockmark approximately 10 m
wide by 3 m deep, ciearl  y formsd after the estab-
lishment of the clam aggregation. Physical samples
collected near this site (27°41 ‘N and 91Z+2’  W) re-
vealed a thin (<10 cm thick) layer of pcmrly  con-
solidated and liquid-rich sediments with an under-
lying layer of heavily tarred, relatively impenetrable
sediments. Because clam aggregations typically in-
cluded many articulated dead valves in life position
on the surface, il is iikely that photo surveys like that
of Rosman  and others (1987) wordd tend to over-
estimate the number of living individuals in the ag-
gregation.

Assemblages Dominated by Lucinid and Thyasirid
C[ams

Lucinid assemblages comprise primarily Lucinoma
atti,  L.ucimoma  n. sp. ( Pseudomifrha  sp. of Brooks
and others 1987b,  Powell and others 1989), and Thy-
asira  olephiia.  Although it is highly probable that
both species of Lucirtoma  host sulfur-oxidizing en-
dosymbionts (Brooks and others 1987b), no living
T. olephila  have been collected, so the chemosyn-
thetic potential of this species can only be inferred
from its habitat and its abundance. All three species
are typically associated with subsurface iithification
in the form of authigenic  carbonates that range in
size from small granules to fist-sized nuggets. Surface
plates of authigenic carbonate are not uncommon.
Lucinid assemblages are often characterized by dead
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and disarticulate valves, generally well preserved,
dotted over the surface sediments. Living specimens
are seldom seen on the surface, but are, frequently
collected in box cores.

The depth of occurrence appears to be controlled
in part by the occurrence of tars. At sites where the
underlying sediments were heavily tarred, Iucinids
were restricted to the upper 5 cm. Elsewhere, they
had been collected with box cores at sediment depths
of 65 cm. Beds of T. olephila  that consist entirely of
dead. articulated valves in life position are notewor-
thy for their very high densities (up to several thou-
sand “Individuals m ‘2). Box cores in these localities
frequently recover gas hydrates. Venting of gas from
the surface leads to the formation of numerous car-
bonate chimneys (Fig. 6). Because of their infaunal
habitat, photographic surveys and trawl sampling
would tend to underestimate the importance of lu-
cinid assemblages (Callender  and others 1990).

Summary and Conclusions

Exploration to date has revealed thriving biological
communities on the continental slope south of Texas,
Louisiana, and Alabama in a bathymetric range of
350 to 2,200 m at sites where seepage of oil and gas
produces seismic wipe-out zones. Utilization of re-
duced compounds associated with seeping hydrocar-
bons has been observed directly (in the case of meth-
ane-based chemosynthesis) or has been inferred from
the stable carbon isotope ratios of animal tissue. Four
types of communities can be recognized based on the
predominant species of chemosynthetic  fauna: 1) tube
worms c[usters  or “bushes,” with isolated seep mus-
sel beds, 2) linear mussel beds at brine seeps. 3) beds
of two species of surface-living vesicomyid  clams, and
4) extensive  areas  having a scatter of dead Iucinid

Pigtrre 6. Carbonate chimney
formed around a gas vent near
27”33’27”N, 92”32 ‘22”W,  575 m
depth, Note seep mussel artachmi  (J
chimney (arrow), Infaunal aggreg~-
tions of Iucinid and thyasir}d ciam.
were very abundant at this site. a.
were gas seeps and hydrates; how.
ever. the attached specimen was the
only seep mussel observed at this
site.

clam shells on the surface sediments and a living
population beneath the surface. Community devel-
opment appears to be determined by whether seep-
age provides methane or sulfide compounds to the
benthos  and by the geological characteristics of the
surface sediments. Seep mussels occur in discrete
beds defined by the flowage patterns of methane
saturated brine at the sedimentkeawater  interface.
Results from Brine Pool NR-1 suggest that a re-ex-
amination of high-resolution seismic data from the
slope would reveal additional brine pools and that
these may support seep mussel  communities. Tube
worm clusters are most commonly associated with
hummocky topography in the crests of grabens or
half grabens. Clam communities tend to be dispersed
over larger areas than tube worm or mussel com-
munities and may be either infaunal  (Lucinidae and
Thyasiridae)  or epibenthic (Vesicomyidae).
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A hrge (540 squaxc  meters) bed of 13athymtodioks  rL sp. (M@lidae: Bivalvia) rings a
pod of hypcrsahe  (12135 practical aabky units) brine at a water depth of 650
meters on the eondneneal  slope south of LO&iasm TIM anoxic brine (dissolved oxygen
=0. 17 milliliters per liter) contains high coswemteations of sxtethan~ t+ieh rmtihe
methanocrophic  symbionts in the nzusaeis. Zlze brin~  wMeh originates &am a salt-
eored diapir that pen~tea to within 500 me of the sea fioor, fiila a depression that
was evidently excavated by eseaping  gas. The spatial condmsi~  of the mussel H
indicates that the brine level has remained faidy eonstars~  hOWeVef, demographic
&fTerenees benveen the inner and outer pasta of the bed record small fluctuations.

T H E  V I O L E N T  ESCAPE OF W

rhrough surface sediment ot%m
forms sea floor  pocharb (1) or

craters (2). During a submarine suwey of
tic conrincntai  slope, nordxm  GuIfofMa-
ico, wc found pockmarks that were tilled
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with hypersaline  brine. Tlese fkaturcs  are
evidently a consequence of salt mcronisrn in
a hydrocarbon province. One of che pock-
marks, brine pool NR-1,  was ringed by a
Iargc bed of Barhymodiohu  n. sp., a mussel
(3)  thar psesses  methnotrophic  symbi.
on= (4). This discovery signals that the
potcmial  habitat for Bdymodioha  n. sp. on
the slope may be greater than previously
thought and demonstrates chat chcmosyn-
dxdc  fiurs~  already known for their colcr-
anee of toxic stdfides (5) and aromatic com-
pounds (6), also tolerate hypcrsaline condi-
tions.

Teeronic ddormation of the krann  Sa.iq
a  jurassic  evaporite dcposiq  h a s  crcarcd

H Northern Gulf  of Mexico
‘f/’!

fig. ~. Two dhlMl&dy  p- ~-
dcprh-poim (CDP) %islnie&usbowinga  mrth-
south rrmseesofdlepodmUrk  Ios%mapshom?s
i= genend Iocadoo  “m tie northcm Gulfof  Mcd-
CO. [Dau providd  murwsy of HaUii e
physicaJ  ~ ?ncJ

much snuerural  complexity in tic rmrrhern
Gulf of Mexico (7); common f-es in-
ehsde Sdt  diapirs  and growth  hits The
faults prcsvi&-a conduiKfor  manual hy~
carbon sqagc (8-10), wiich is recognid
as a \\idespr&d phenomenon on the fiuisi-
sna slope (11). Large ehcrnosynthe&  eom-
muniacs,  which have been reported at oil
and gas seeps its water depths of500  so 900
p (12), arc bio!ogird  consequsnccs  of hy-
drocarbon Seepage

Beeause tlWIY sak dhpits penemtt  recent
sedimentary straw sea %or brine seepage is
also rhossghr  to be a common #cm&non
.m the Gulf of Mexico (7), but only a few
aerual seeps have been dcmm—scn red Brine
thar originates tiwm rhc LOwann  &It has
bcn found in a shallow (-25 cm deep)
pool on the Texas shelf (z3) and in a large
(90 km2)  basin (1~ on the Iowcr Louisiana
SIOP; both f~turcs are filled from rhc skit

by drainage tiom sak dcposk bred
above. Brine d-sat originates from saline
aquifers in tic Flotida-Bahama  platfimn sat-
urates sutfacc sediments at the abyssal &
of the Florida escarpmem (15). Reeked
compounds associated with this brine nour-
ish chm-myntheric  communities that in-

1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

elude a m“nd speaes of mussel (16, 17).
Brine pool NEt.- 1 was found (18] approxi- 1

matcly  285 km southwest of the Missiiippi
Delta (2T43’24”N,  91“16’3ClW) near the

I
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possibly diffuse hydrates’ occur s-scar rhcumlance (m}
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Fig. 2. A no~--so.ch trmscct of @ursark  and brine pool mcordcd  by Submarirsc  NR-1.  (A) Carectcd
co~graphic profile and (B) subbotrorrs  prdlc (25 kHz) at aatrrc  horizontal and vcrrical scale. The
,apparcm ~ffc:cncs  ~IWCCSS CIIC  corrcacd  topography and subbottorn profile arc an Afacc  of ch~g~
m the submannc’s  akrudc along the transca The horimrstal  azis is proportional to transit  rime 50 tit
dismncc on rhc figure u a timtion of rhc submxinc’s  speed.

location \t’here Anderson et al. collected
sediment cores that contained crude oiJ (8).
l%c pool lies at a water depth of 650 m
among a series of rcccot. slump Krraca  at
rhc head of a broa~ trough-like grabers  that
cfccpcns  IO the southeast (10). A 4 diapit,
the top of which is -500 m below the
scdimem-scawarcr  irttcrfac< is evident in

Fig. 3. A mosaic of 231 video photographs
shwng  ChC  brhcAlkd @mwk and surround-
ing muss-d  bed. The photograph were raordcd
on half-inch ~apc and digiraily rcduccd to a con-
stml  scale. Innrr  “shorrlinc”  of mussel bcd WaS
manually traced and open brine was imaged with
a consm.nc gray tone. The  irregular southcrts edge
of rhc mussd bed is due to lateral seepage of brine
from rhc low (southcm)  side of the pochutk
Approsimatc  locaaom  in muscl bed whcxc  mw-
SCI.S utrc colkrcd  for mcasurrmcm arc I&&d x
follows. (.4) norrhcm ourcr, (B) northern .wct,
(C) so.rhcm  inner, and (D) southern ourcr.

1 JL’SE  1990

seismic profiles across this sire as a scisrnic
anomaly and hyperbolic rdlccror  (Fig. 1).
NormaJ faults gctscratcd  by salt uplifi extend
fi-om the diapit and terminate against dsc
base of the ShSMP blc&  ShalIow  gas satura-
tion in the tsar-surface scdirncnts is in&kit-
cd by a high-amplkudc  f=ture  at the sedi-
ment ausfacc and signal attenuation beneath
tic pdcmark

As shown in a 25-kHz profile, brine fills a
22-m-loog,  1 l-m-widq  cllipticd cracr  that
is sitssatcd  atop a mound with a hcighc of
about 6 m and a basal diameter of abut 130
m (Fig. 2A). In nongassy  scdimcncs,  such
prolilts typically show sedimcrwy suata to
dcprhs of -20 m below the ocean bortom.
On the periphery of the pool, the scisrnic
signaI  was attcmsatcd by highly rcflccdvc
Iaycrs <2 m bciow the bottom. Judging
from gas fiactssrcs and hydrates in pisron
mrcs Wc Coucctcd in smal-by areas, rhcsc
iayctz suggest that gas-rich scdmcnts and -

F@. 4. Living BadrymcdiO-
k n. sp. (M@itk Bival-

rnudlinc ar rhk siw (Fig. 2B). Strains of
fine bubbles were seen rising from rhc ccmcr
of the pool and appear as a slight trace in tic

25-kHz record. No bubbl~  wctr observed
ac the pool edges or in the mud  bed.

A debris Iobc on the north siic  of AC
pool suggests that vigorous apulsiin and
down-slope dumping of scdirrwm occurred
when the pool formed. The sutiom pro-
filts of the nqw-susfacc  strata and dirccr

obscrvarioru gave no indication of a rocky
subsu-aturn. Wc infkr that the mound is
composed of fine-gtairscd and @y con-
scslidatcd sedimentary mamrial char has been
disrupted by upwardly migrating gas-

A bc~ approzirssatcly  0.5 m l@& cn-

closcs tic mussel bed  and tic pool to the
casL nod and wcsG but .S suhsccd  or
absent to the south (F%.  2A). Opm brine in
thepocrl  cars bcsKadily&ingu&din
subbotcom protilcs by its sh~ flat dcnsi~
intcrfacc (Fig. 2B). A second horizontal
rcfkctor 1.5 m bcnath the inrcrl%c  appears
to irsdicste the maximum ckpds ofthc brine.
However, when wc attcrrspuxi to piartt a
3.5-m pole upright in dsc center ddx p@
it sank straight down and di+pcad.
Thcrcforq  the acccsnd rcficmor is probably
also a density intcrfae  ~c edges of the
pocr! arc WCII  dc6ncd by rhc sssbbomom
profiler, where Iaycsz of mussel shells pro-
vide an intense scismk rcficctor (F%. 2B).

Brine was collcucd  (19) ii-errs dK  upper

dcruiry  Iayct  neat dsc ccrstct  of the “poo[.

Although its salinity  (121.35 practiai  salini-
ty units, -3.5 timca sawatcr  salinity) w=
lCSS than Saturaaom  it is Likdy that rhc
density Iaycr below contains more saline
brine. The tcrnpcramrc  of the upper Iaycr
(8.7C) cxcccdcd the ambicm scawatu tcm-
pcraturc by L6°C Tlsc brine was narly
anoxic  (dkolvcd Q = 0.17 mIAiccc); m=-

via) @d)’ subrncrgcd  in
anoxic brine at rhc edge of
tie brine-m pCkM*
Blackcrsrd  shdls of dead
mvsrk  can bc scm com-
Pktdy SUbSSWX@  in brine
at rhc Iowcr * of the
flasnc. ThC anoaic-tsxic “m-
rcrfacc at the assrkc of the
brinris cvidcnsinrhc
abrupt chastgc in color
from dark blur (rcduoxi)
to Onngc @zidiA)  Over
‘*c  Iasgrhs ofthc  mosscls
Shc!ls. The Shaggy coat-
ings visible om some mrss-
Srls arc Silr-fdd byssm.
The Iargcr  mussels art ap-
prosirnarcly  120 rrrrn Iong.
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.urwl dissolved oxygen may  have rcsuhcd

iom crsnmrnination during collection. Odor
it” Hz S ~~+as strong in the dive chamber when
vine samples were collcctcd. Vigorous cf-
crvcsccncc during collection indicated that
.omc dissolved gases were ar saturation with
cspccr co an ambicnr pressure of 1 atm.

Bubbles cokrcd in a bell jar over &c
.cntcr of the pool were prcdomin’antly Cm
76.3%), with trace quantities of~~ (452

.>pm) and C3HU ( 145 ppm). The carbon
Isotope ratio of chc Cm (51JC = -63.8 per
mil ) and rhc low propornon  of higher hy-
hcarbons  indicate that the Cm in the
bubbles was primarily microbhl in origin
‘20). Biodcgradcd  oiI rccovcrcd in surface
-edimenrs on the periphery rhc pockmark
mdicatcd  the prcscncc  of thcrmogenic  hy-
drocarbons  in the area.

Chcmosymthcric  mussck  surrounded the
open brine in a continuous ban~ approxi-
mately 3 m wide on the narrowest sid~ the
northwest cdgq and 7 m wide on the south-
casr edge (Fig. 3). The mussel bed was
c[cvated  only a matter of centimeters above
rhc brine-seawater intcrfacc; its total area
was -540 mz whereas the area of the open
brine was -190 m2. Transition from the
mussel bed to bare scdimcnr was abrupt on
rhc nom-h,  wcsq and asq but more gradual
to the south, where the berm was rcduccd or
abscm.  To the south, gaps of stained sedi-
ments appeared as the continuous k! gave

w a y  [ 0  cuMlinar  Scringcrs,  intcnningtcd

with pacchcs of disarticulate mussel sheUs
(which were mosdy  broken and pitted) and
filamcmous  colonies of white baaeria.
ShcUs continued to dot the sediments 20 m
south of the bed There was no sign of a
brinc+udlow  charud through thC bed. ‘WC

infer *at *C irregular southern edge of the
mussel bed rcsuhs from Iamrd percolation
of brine through surface scdirncnts.

A divcmc  and abundant biological com-
munity was associated with the mussci M.
Chcmosynthctic  tube worms, Lsmeliibrachia
n. sp., which arc abundant ac other I.cuM-
ana slope oil seeps (12), were repmacmted
here b? a fw solitary individuals. Deancmd
fishes rncluded  Ckawsax  pistw, seen resting
on the bottom outside the ~ tic eel
Sytraphobraruhsis sp., and the hag lish @@re-
tw sp. Wc collcctcd a scvcmly disoticawed
6sh, Akumia sp., as it swam incircka upside
down just above the open btin~ possibly
aEcctcd by hydrogen suhidc  tOXiCi~.  our

OpCt’2UOtlS OVCt thC brine CTGltCd i12tCtSld

waves, which  Iifkd wcU-preserved dead fssh

from the txxtom of the pool and intn  view

around irs cdgea. Epifaunal crustaceans ob-
served among the mussels included a large
magid crab, Rorhinia rra.sta, as WCU as numer-
ous shrimp, Alvirro@ris  starroplrila,  and ga-
lathcid crabs, Munidopsis  sp., which browsed

109s

d“~c interstices tifthc mussd k-l. An unwlcn-

tificd paranoid poiyci~ca[c  formed a dense
mat h-scath  rhc bed.

Several difkrcnccs were evident bcrwecn
d~c outer edges of the mussei  bed and the
inner margin adjaccnr to the open brine.
Muscls  on the outer edge rested flat on the
sediments or were I--ly shingkd onc on
another, whereas those on the irmcr  edge

stood vcrncally, with their anmrior  en-d
do~ 6itmly bound by their byssus into a
dense mat. Mussels on- the imc; edge adja-
ccm to the open brine were partly sub-
merged in btinc; the interface between oxic
seawater and anoxic brine was distinctly
visible here because their upper (posterior)
ends were rust-colored whereas their lower
(anterior) ends were bIack (Fig. 4). The
innermost bed was formed from complete-
ly submcrgc~  dead individuals, whose
valves, heavily blackcncd by rnincral dc-
posi~ were still articularcd and in many
cases contained poorly preserved remains
of the soft tissues.

Bathymodiolus n. sp. require adquace sup
plies of dissolved medmne  and lice oxygen
for gmwh  (4). Because the brine supplies
dissolved methane to the mussels at this sire
W* Oqrgcn  is Otied fk3M iUtSbkllt
seawater. the sDatial distribuaon and de-
mography of AC mussels record the local
extcatt of the oxic-anoxic interface and mav,
indiatc  subtle flUCtWSCiOtlS  in brine [evd.

Mussels collected km the outer edge (21)
apparently aU belonged co a singk setde-
ment class of intermediate lcntzth. whereas

“ -

inner-edge mussels fbrmed four apparent
seokmcnt  classes (2.2) that ranged from
tcccndy sctded spar to the largest specimens
colleued fkm die site (Fg. 5). Kndividua!s
of the interrncdiate-kngth setdernent class
that was prcvaicnt  on the ouccr edge were
tare on +-c inner edge.

Spat of chemosynthetic mussels from the

Gult Ot Alciico  ctwlcntjl,  scrtsc.  or slImIvc

prcfcrcntialiy on subsrra[~  where brine sup-
plim dissolved methane ( /5, 16, 23); this
prcfcrcncc is evident in rhc prcvalcncc of
spar ~ kvcnik on the irrncr  edge of rhc

bed. The mussels tolerate parrd  submcr-
gcncc in the arsoxic  brine; however, com-
#2tC  submergence would undoubtedly bc
kthal. A rise in brine lCVCI of a fw ccntimc-
rcrs would therefore MI many of the mussels
on the inner edge but would aSso broaden
the disrnbution  of methane-rich brine and
promote scrdcment  on the outer edge. Sct-
tkanent would ccasc on the outer edges wir.h
subsqucnt iowcring  of the brine kvcl and
would resume on the inner edges.

Lack of recent sctdcrnenr on the outer
cdg~ the broad size range of mussels on the
inns edges, and the accumulation of dead
indiv-khds in the pcml all idatc that these
muds exist ac an equilibrium between an
adquatc conecrrtration of nutritive methane
and an oversupply of anoxic brine. Despite
evident fluctuations, &c overaU spatial con-
Muiry of the mussel bcd is auiking. Com-
pared wh the patchy fie-saie  distribution
of ehemosymthetic fauna in communities
reported iiom  elsewhere (5, 12, 16,23, 24),
this mussel bed maintains a rciarively  uni-
form density over a signitkandy larger -
l%c density of the brine traps methane
beneath a distinct interface with oxic seawa-
ter, and thC moqidogy  of dsc  @mtark

+ p~tid~ a stable subsmnrm beneath a
thii @Wt Of brine Such 03dfiOm =C
cicariy fivorablc for mcthanoatrphic symbi-
osis.

We have also found brine-filled pock-
marks at two other locations on the LOuiii-
ana dope (25). ‘Iky oaurred  on low
mounkhad  raiscda and contained a
dq !ight-rektive  fluid fiorrs which bub-
blcs.were escaping. One of these was evi-
dendy in active formation because is steep

,:,,,L:K
Fig. & bog?h fkqucncy
hkmgmnu  of muaacls cd-
kctcdfmrnrhe  mussel bed
swmudng  the  brinc-
iwcd padarmk  couec-
dorr 2ocarions (M) refer
rodlcctcs&pdon  irl F~3.
Man kngdrs(=l  SD) &
lhcaampks mas!bilowx
(A) 104 * 8.7nsnL  (B) 63
* 35.3 ~ (C) 45 = 26.6
~(D) S4 * 11.5 nun. Length (mm)
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(-80°) rim lvas seen collapsing into the
pool ~~hilc  plums of fine scdimcm were
~i~c[ed  b? ~iwr~us  bubble dischwp  De-
spirc appwcnt conccmrarions of methane,
neither fcarurc  had been coIoniimd by mus-
SCIS.  Either rhc unstable sukisrrasa  on the

rims irnpcdcd scrdcmcnr  of mussels, or the
fcarurcs  were so rcccnt  that colonization had
not vet occurred.

Doming of the sca floor under pressure

from upwardly migrating g+ Wlowcd by

ccuprion, wiU cxcavare  a pmkmark w i t h
raised rims (1, 2). If hypcrsalinc pore fluids
arc prcscnL as they arc in the vicinky of
brine pool. NR- 1 (10), latcaal seepage
rhrough  chc pxkrrwk walls will fill cite
depression with brine. .ScdimcmssaaSpcndcd
at the borrom of the pool may continue co

bc cxcavatcd by bubble dischasgc aficr the
initial cnrprion. Anoxic conditions may also
ti~bic microbial oxidation of sncrhanc and
prcvcrsc  the formation of au- CuJxm-

ata,  which arc common at Norrh Sca pock-
marks (5) and Gulf of Mexico gas seeps (10,
11). AIrhough  rksc features may bc rcla-
uvcly small, a careful cxaminati of s@smic
records shouid reveal additiond  brine-fdlcd
pockmarks on the concincnml  slope of the
northcm Gulf of Mexico. Their pacrnial as
habira= for chcmosynthctic couummitics  is
evident.

19.

20.

2i.

hxrd  rhc U.S Navy  Suhmarmc  .Yl?.  1, which  ac.
qmrcd tidm md cnrulsion  phomgrlphs,  side.xan
wmar  rrcrmis.  and  25+.Nz  subtxx-rrxn  profiks f!
was  KW,,d  jn %pwmkr  1999 WW.1)  we wbm=fi.
lblc Iohnan  &d-Link /, which rcmk  ● dditional
ptiogr~phs and colkcred samples of tic brine.
cscapmg  gx, and over 1000  living mussels.
-h nlerhanical  arm of Chc  ]Otmon  sea Link / was
ko,vcrcd  atour  1 m bdow chc dcnsiry  imcrfzcc.

Bnm  was  colkrcd at I am inside rhc dive chansbcr
,Ia a h- char  ran from tic  cnd of chc a r m .
Tcmprrarurc  ws measured by a Sca  Bird conduruw
iry and rcmpaaccrc  drcmror  (CTD) held by rhc
arm. Sdiniry was mcssurcd  with a condurtivc ~.
cwrnctcr al% u,cighc  dilution to near  acawawr con-
ductance.  Disdvcd  orygac  was  nscawrd  b y
Wiicr  omam.  Gassou  hydnxarkm  w e r e  sk-

wrmicwd ~ fhmc-icmizcd gas rhrorru[ography.
C4s%nixxopc  ratiarc  qxxccdaspar  nil  6A.
anrms  f r o m  a  PDB srandxd:  S’)C ( p e r
null = 10J x (’@WL,,#J@@’%  - 1).
B. B. Bcmsrd. 1. M. Brcoks, W. M. Sack- Amrh.
Pkmur.  .%. k. 31,48 (1976).
M-k wac ~ at di.xmc locations tith a
mcckunical 5mJp and *cccl in a dosed  comaincr.
N’accc  and  scdjnsmr from rhc c o n t a i n e r  W e r e  s i e v e d

duw@al-rnm  CmshandaO.OvcruSs  pc&wns
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Gulf of Mexico Hydrocarbon Seep Communities:
VIII. New Deep Water Petroleum Seep

Communities in Alaminos Canyon



Gulf of Mexico hydrocarbon seep communities: VIII. New deep water

petroleum seep communities in Alaminos  Canyon

S. J. McDonald*, D. A. Wiesenburg*, C. R Fisher~,  J. M. Brooks*, R. A. Burke,

Jr.*, W. W. Sager$, P. AharonS,  and R. S. Came@

ABSTI?ACT - Deep sea chemosynthetic communities were recently

discovered in the western Gulf of M-co (GOM) along a carbonate ridge.in

Alaminos Canyon at depths between 2010 and 2030 m. TWO sites were

discovered that had high densities of both mussels and vestimentiferan tube

worms. Additionally, numerous isolated clumps of vestimentiferans were

obsemed during transects of this area A new species of mussel and a tube

worm similar to those found at the Florida Escarpment chemosynthetic

communities were collected at the first dive site. ho species of mussels

and one vestimentiferan were recovered at the second dive site. Of the two

species of mussels, one is identical to the mussel found at the fist dive site,

while the second mussel and the vestimentiferan are similar to species

found at shallow petroIeum seeps in the GOM. Enqme data, ultrastructural

information, and stable isotope values indicate that

contain thiotrophic symbionts  and that the mussel

shallow petroleum seeps is methanotrophic.

the vestimentiferans

similar to those at

*Geochernical  and Environmental Research Group. Texas A&M University, College Station,

TX 77845, USA

~Departxnent of Biology, The PemWIva.nia State University, Universi~ Park, PA 10802, USA
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Oil-stained sediment cores have been recovered near these sites and

the extensive carbonate structures obsemed have d lSC values consistent

with bacterial utilization of gas and/or oil. Mussel and tube worm tissues

contained concentrations of polynuclear aromatic hydrocarbons that are

indicative of chronic exposure to oil. This data suggests that the Alam.inos

Canyon chemosynthetic  communities are associated with seeping oil and

gas.

INTRODUCTION

Chemos~thetic  communities were ffist discovered in the Gulf of

Mexico (GOM) at the base of the Florida Escarpment at >3000  m of depth

(PAULL et d., 1984). An unidentified methanotrophic  mussel, a thiotrophic

vestimentiferan tube worm, and a thiotrophic vesicomyid clam have been

identified at the Florida site (CARY et al., 1989). The seepage of brines from

the intenor of the Florida platform is the suggested source of methane and

stilde to the chemosynthetic  fauna (PAULL et al., 1984; COMMEAU  et cd.,

1987: CARY et al., 1989). Chemosynthetic  communities also occur at natural

petroleum seeps on the Texas-Louisiana continental slope (KENNICIYIT et

aL, 1985). Petroleum seep fauna include vesicomyid and lucinid clams, and

vestimentiferan tube worms that harbor thiotrophic bacterial

endosymbionts. Also abundant at many of the petroleum seep sites are

mussels that host methane-oxidizing bacterial endosymbionts (CHILDRESS

et al., 1986: FISHER et al., 1987: BROOKS et aL, 1987). To date.

approximately 40 sites at which chemosynthetic  fauna are found have been

documented on the Texas-Louisiana continental slope at depths beimeen

400 and 1000 m (KENNICUTT  et cd., 1988a: MACDONALD et al., 1990a).

The reduced chemical species (e.g., su~ldes and methane) required to fuel



chemosynthesis  are associated with seeping oil and brine (KENNICUTI’  et

d., 1985: BROOKS et al., 1987: MACDONALD et al., 1990b).

Natural oil and gas seepage is a widespread phenomenon on the

northern GOM continental shelf and slope (SACKETT,  1977; BERNARD et

aL,  -1976: ANDERSON et al., 1983: BROOKS et cd., 1984; KENNICU’TT  et aL,

1988b). The near surface seepage of hydrocarbons is controlled

predominantly by fault systems developed during salt diapirism that seine as

conduits to the sediment-water interface (GEYER  and SWEET, 1973:

MARTIN and CASE, 1975: BEHRENS, 1988). Features @pically associated

with hydrocarbon seeps include oil-stained sediments, gas hydrates,

authigenic carbonates, brine seepage, mud volcanos with blow-out craters

and acoustic %ipeout zones” (ANDERSON et aL, 1983; BROOKS et cd., 1984;

1986: 1987: KENNICUIT  et aL, 1985: ROBEIWS et al., 1987; PRIOR et uL,

1989: KENNICUTT  and BROOKS, 1990). The Alaminos Canyon area was

considered a likely site for deep water chemosynthetic communities

because many geological features associated with near sediment surface

seepage are prevalent and oil-stained sediment cores were recovered during

surface geochemical prospecting cruises in 198-7 and 1988 (personal

observation, JMB). The present study describes the chemosynthetic

communities discovered in Alaminos Canyon and reports the results of

enzjzne, stable isotope, and tissue polynuclear  aromatic hydrocarbon

measurements of some of the fauna.

GEOLOGICAL S151TING

Alaxni.nos Canyon is located approxhnately 194 km south of Galveston,

Texas, between 26”-27”N and

Sigsbee Escarpment, which is

and rise in the northwestern

94°-95 W (Fig. 1). It is a re-entrant in the

a monocline separating the continental slope

GOM (BRYANT et al.., 1968]. The canyon is



approximately 15 km wide, 40

north-south. Unlike the classic

km long and 800 m deep, and is oriented

submarine canyons described by SHEPARD

and DILL (196(3), Alamino~  Canyon has sides with relatively low slopes and

has no obvious channel connecting it with the shelf (BRYANT et al., 1990).

The morphology of AIaminos Canyon is thought to have resuIted from salt

tectonics. The canyon protrudes into the Sigsbee Escarpment, which is the

leading edge of an allochthonous  sheet of Jurassic salt that has been

mobilized by the mass of overlying, younger elastic sediment. This sheet of

salt has risen to near the seafloor and is now flowing domslope towards the

deep GOM (BERGANTINO,  1971: HUMPHRIES, 1978). Because of its

location at the boundaxy  behveen the Texas-Louisiana and Rio Grande salt

basins, where the Sigsbee Escarpment changes trend from east-west to

north-south, Alaminos Canyon appears to have formed by the coalescence of

salt sheets from the two different provinces (GARRXSON  and MARTIN,

1973). Alaminos Canyon is surrounded on the north and east by hummocky

terrain that is also a result of deformation by salt flowage and tectonics

(BERGANTINO,  1971).

MATERIALS AND METHODS

Sample collection

Areas containing geophysical and geochernical characteristics

associated with seep communities were examined in the Gulf of M-co in

April 1990 using the DSRV AhYirz (support ship the R/V Atlarztis  10. Two

dives in Alaminos Canyon were completed on April 10 and 12. Animals and

carbonate rocks were collected using Alvin’s manipulator arm and placed in

a temperature-insulated box for transport to the surface. Mussels and tube

worms were transferred to chilled seawater (7°C) immediately upon

recovery and stored chilled until dissection, usually within 2 h. Dissected



tissues were frozen at -70”C for subsequent laborato~ analyses. Tissue

samples from all mussels were provided to R. Vrijenhoek  and C. Craddock

(Rutgers University) for genetic analyses.

Enzyme CUXXZYS

Enzyme  assays were conducted on tissues that had been frozen in

liquid nitrogen immediately upon dissection and stored at -70”C. All

en-e assays were conducted at 20”C. The tissues were homogenized with

a ground glass tissue grinder in 0.2 mM Tris/HCl (pH=7.5, either 1:4 or 1:9

tissue: buffer). The homogenate was not centrifuged prior to use in assays,

since a substantial portion of the enzymatic activity is often associated with

the pellet. Homogenates were assayed for nbulose-  1,5-bisphosphate

carboxjdase-o~genase (RuBP C/O; EC 4.1. 1.39] activity using a lAC

incorporation method (WISHNICK and LANE, 1971, modified by FELBECI&

198 1). Data were collected at three time points (5, 10, and 15 rein) and

corrected for non-RuBP dependent carboxylations  with substrate-free

controls. Adenosine-5’triphosphate sdfhryla.se (ATP sulfuxylase; EC 2.7.7.4]

and adenosine-5’-phosphosulfate reductase  (APS reductase;  EC 1.8.99.2)

activities were assayed in additional homogenates by the methods of

FELBECK  (1981). Methanol dehydrogenase [MeDH) was assayed by the

spectrophotometric  method of ANTHONY and ZATMA.N (1965).

Stuble isotopes

Stable carbon and sulfur isotope compositions were determined on

homogenized mussel body and gill tissues and tube worm soft. tissues. Stable

carbon isotope composition was also determined on carbonate samples.

Tissue homogenates were freeze-dried and acidified to rexnove  carbonates.

Tissue samples were then combusted  to C02 using standard closed-tube

techniques. Carbonate samples were acidified to yield C02 (PRESLEY AND



KAPLAN,

Finnigan

1968) The lsC/12C!  of the

MAT 251 isotope ratio mass

LEFEUVRE and JONES, 1988). Stable

resulting C02 was analyzed with a

spectrometer (IRMS)  (SOFER, 1980;

carbon isotope ratios are reported in
.

the standard del ( ?@ notation relative to the PeeDee Belemnite (PDB)

standard (CW41G,  1953). . Stable sulfur isotope ratios were determined on

both elemental sulfur isolated from gill samples and freeze-dried tissue

homogenates. Elemental sulfur was converted to S02 by the method of

UEDA and KROUSE  (1986) and the d% of the puri6ed  S02 was determined

with an IRMS. Organic sulfur in tissues was converted to BaSOA in a Pan

Bomb under 30 atm of 02 (FRY et aZ., 1983). The BaSOA was converted to

S02 (HOLT snd ENGLELKEMEIR,  1970) and the purified S02 was analyzed

by IRMS. dsAS values are reported in the standard del (VW) notation relative

to the Canyon Diablo meteorite standard.

Pm

The concentrations of PAH were determined for mussel and tube

worm tissues. Surrogates were added to tissues homogenates

(approximately 5 g) and digested with 6N KOH at 35*C for 18 h. The

digested tissue was serially extracted with ethyI etlier (WADE et al, 1988).

The eluate was dried with sodium-suIfate,  concentrated,

alumina column chromatography. me aromatic tiaction

alumina column cleanup was further purified by high

chromatography and then concentrated (KRAHN et

hydrocarbon samples were analyzed quantitatively on a

and purMed by

eluted from the

pressure liquid

cd.., 1988). All

Hewlett-Packard

Model (HP) 5890 gas chromatography interfaced with a HP Model 5970 mass

spectrometer, which was operated in the selected ion mode.



RESULT’S AND DISCUSSION

TWO dense communities of mussels and tube worms and several small

isolated patches of vestimentiferms were discovered in Alaxninos Canyon

with the DSRV A2u in in April of 1990 (BROOKS et al., 1990). The

communities were found atop a small ridge, approximately 400 m above the

seafloor, at the center of Alaminos Canyon (Fig. 2). Seismic reflection data

show that the ridge is underlain by sak but not connected to the salt sheets

surrounding the canyon (J. MUELLER, Mobil Oil Company, personal

communication). Thus, the ridge is probably a salt dome that arose horn the

deep Jurassic salt layer and fractured oil-bearing sedimentary layers causing

seeps ascending to the seafloor. This discovery offshore of South Texas

extends the range of known chemosynthetic  communities from the Florida

Platform to the western region of the Gulf of Mexico.

Conununfty descriptions

Mussels and tube worms were collected at two sites. The fwst site was

at 26°21 ‘N and 94°30 W and was approximately 20 mz in size. Tube worm

clumps and a few Live mussels were obse~ed  and the site was strewn with

dead mussel shells (Fig. 3). Due to the relatively rapid taphonomic loss of

mussel shells from these types of environments, the substantial quantity of

dead shells most likely indicates a recent population decline (CALLENDER

et aL, 1990). Other fauna

and white galatheid  crabs.

carbonate rocks ranging in

associated with this site included white shrimp

The communi~  was surrounded by authigenic

size from rubble to boulders. NO ventig gas or

stained sediments were visually apparent near the community. The

sediments associated with the fauna were a light tan color similar to the

surrounding hemi-pelagic  sediments. Although the presence of bacterial



mats on the surface of sediments is common at shallow hydrocarbon seeps

(BROOKS et al., 1989), no stilcial bacterial mats were obsemed at this site.

The second site, about 1 nautical mile to the west of the first site,

contained a dense community of both mussels and tube worms that covered

an area of approximately 100 mz. The community was surrounded by

massive carbonate structures, covered by mussels. In general, tube worm

clumps were located on the periphery of the mussel communi~. Dead

shells were not as prominent at this site as they were at the first site and

were evident only around the periphery of the site. White galatheid crabs,

swarms of white shrimp, and a few fish were observed throughout the

community. The sufilcial  sediments were light tan in color with a few

scattered patches of dark discoloration. No gas bubbles or seeping oil were

obsemed.

Sylnbionts

Both symbiont-containing and symbiont-free  tissues born mussels and

tube worms were analyzed for APS reductase, ATP sulfurylase,  RuBP C/O,

and MeDH activities (Tables 1 and 2).

indicative of chemoautotrophic sulfur

significant activities of ATP sulfuxylase

‘NS reductase and RuBP C/O are

bacteria (AMINUDDIN, 1980) and

provide strong evidence for sulfur-

based chemoautotrophic activity (FISHER, 1990). Methanol dehydrogenase

catalyzes the oxidation of methanol to formaldehyde and is diagnostic for

methanotrophic  and methylotrophic  organisms (ANTHONY, 1982). None of

the enzymes characteristic of either methanotrophic  or thiotrophic

symbionts were detected in the symbiont-free tissues of any species tested.

Like all vestimentiferans  tested to date, both species from Alaminos

Cayon apparently harbor thiotrophic symbionts.  Abundant symbionts  were

visible in electron micrographs of trophosome  tissue from each species



(personal observation, cm) ~d the [evels of ATp sulfurylase and RuBP C/O

present in all specimens indicate that these symbionts  are thiotrophic. AH

reductase activity  was detected in only one individual; however, activity of

this enzyme is often undetectable in thiotrophic symbiosis (FISHER, 1990).

Preliminary taxonomic investigations indicate that the two species are

closely related to other species found in the GOM (M. JONES, personal

communication). The soft parts of LczmeUibrachia  sp. from Alaminos Canyon

closely resemble those of Lmnellibrachia barhamt  from shallow hydrocarbon

seeps. However, the tubes of the Alaminos Canyon species are considerably

more robust than those found at the shallow seeps, and most individuals

were approximately twice as large. The Escarpia sp. from Alaminos Canyon

is apparently similar to Esca@a Zaminda  from the Florida Escarpment.

The presence of both methanotrophic and thiotrophic  symbionts in

the mussel (seep mytilid  II) found at both sites in Alaxninos  Canyon has

recently been reported (FISHER et a~, 1991). The other mussel (seep

mytilid Ib), found only at the second dive site, is apparently ve~ closely

related to and may be the same species as a mussel (seep mytilid Ia) from a

shallow hydrocarbon seep (R. VRIJENHOEK  and C. CRADDOCK, Rutgers

University, personal communication). The MeDH activities along with the

absence of detectable RuBP C/O and ATP sulfurylase suggests that seep

mytilid Ib, like its shallow water relative, harbors only methanotrophic

symbionts. In fact the levels of MeDH activity found in gill samples from

seep mytilid Ib are the highest reported for any petroleum seep mussel

(BROOKS et al., 1987; FISHER et aL, 1987).

Stable carbon and sdjiu isotope analyses

The d 13C values of mussels horn Alaminos Canyon are listed in Tables

1 and 3. These values are within the range of values reported for



rnethanotrophic  mussels collected at shallow petroleum seeps in the GOM

and heavier than values reported for methanotrophic  mussels from the

Florida Escarpment, which are known to utilize biogenic  methane

(BNNICLJTT  et d, 1985:1991: PAUIL  et aL, 1985, BROOKS et al., 1987).

The mean d lSC values of gill tissues horn seep mytilid Ib and 11, collected at

the second dive site, are not statistically different. The mean gill d lSC

values of seep mytilid  11 collected at both dive sites are also not signi.ilcantly

different, thus indicating similar methane generating processes throughout

the study site.

Methanotrophs  and animals hosting methanotrophic  symbionts  are ~sC

depleted because their cellular carbon d 13C typically reflects the d ~sC of

their methane source (BROOKS et d, 1987). Methane can be produced

either bacterially or thermogenically, and both processes result in methane

that is depleted in lSC. The primary source of methane to the Alaminos

Canyon organisms is considered to be thermogenic since the dlsC values of

mussel tissues are more positive than -50960 (BERNARD et al., 1977).

Tissues fkom 10 Alam.inos Canyon vestimenti.ferans were analyzed for

d 1 SC [Tables 2 and 3). These values are within the range of dlsC values

reported for tube worms found at shallow petroleum seep sites in the Gulf of

Mexico (KENNICUTT et aL, 1985; 1991: BROOKS et d, 1987). The dlsC

values of the two species of tube worms collected at the two sites are

sigfllcantiy diiTerent. Possible sources of inorganic carbon to th.iotrophic

petroleum seep vestimentiferans include both seawater and pore water

containing dissolved inorganic carbon (DIC) (KENNICU’IT et al., 1991). The

d 1 SC of pore water DIC at shallow petroleum seep sites in the GOM ranges

from -45%o to +18 (BROOKS et aL, 1987; KENNICU’iT et al-, 1989). A

similar range of values in Aiaminos  Canyon could account for the differences



in d 1 SC values obsemed in tube worms from the two sites Additionally,

growth rate, size, symbiont complement, and gas uptake and transport

capabilities could all affect the animal’s tissue d lSC values (FISHER 1990:

FISHER et d., 1990; KENNICU7T et al, 1991).

The d% values in Akm.i.nos  Canyon mussels range horn -2.4 to ~3.0%0

(Table 3). These values are among the lightest reported for mussels

associated with chemosynthetic communities in the GOM (BROOKS et aL,

1987: CARY et aL, 1989: KENNICUTT et al., 1991). The d34S values for tube

worms from Alaminos Canyon are listed in Table 3. The d% value of the

tube worm tissue collected on dive 2211 is the lightest reported for the

GOM (BROOKS et at., 1987; CARY et cd., 1989; KENNICUTT  et al., 199 l).

The stable sulfur isotope ratio of an organism reflects its source of sulfur.

Non-chemos@hetic  marine organisms typically have daAS values that

reflect seawater sulfate ratios (i.e. s +13 to +ZO%O, FRY e~ at., 1983). The

sources of sqS-depleted  sulfur to petroleum seep chemosynthetic

communities in the GOM are currently un.knom.  Possible sources of sulfim

in the GOM include microbial sulfate reduction in pore waters and sulfldes

associated with seeping brines, oil and gas (CHANTON et al-. 1988:

KENNICU7T et al., 1989: VE7TER et cd., 1991). Sulfides associated with

seeping hydrocarbons may result from anaerobic sulfate reducers oxidizing

simple organic hydrocarbons at depth as well as thermal decomposition of

organic matter (VE’ITER et aL, 1991). The d34S of OW collected n--r

Alaminos Canyon are near -4%o (THOMPSON et cL, 1990). More negative

tissue dsAS values may reflect input horn recent microbial sulfate reduction

-ER et a~, 1991].

Elemental sulfur was obsemed in the gill tissues of mussels collected

on dive 2209 (Fisher et al,, 1991). The dsqS value of elemental sulfur



purified from giLl tissues of seep mytilid II collected on dive 2209 is -2 .8’%60:

whereas, the mean d3@ value  of total sulfu of the corresponding gill tissues

is - 1.8?40 (Table 3). The presence of elemental sulfur is an indicator of

chemoautotrophic activity (FISHER, 1990). The d34S of elemental sulfur is

considered to be the best indicator of the environmental source(s) of suIfide

to symbionts because it is the result of a dissi.milato~  pathway that results in

little isotopic fractionation (W3TTER et al., 1991]. However, the ds%3 values

of the purified elemental sulfur from mussel gill tissues is ambiguous and

could be the result of microbial sulfate reduction and/or associated with

seeping oil.

Carbonate dlsC ucdu.es

Two carbonate rock samples collected at site 2 had d lSC values of -

31.1 and -27. l$%o. Authigenic carbonate is often formed at hydrocarbon

seeps from pore waters containing excess C02 from the microbial

degradation of oil and gas. The excess pore water C02 can combine with

calcium and precipitate as authigenic  calcium carbonate (BROOKS et al.,

1986; BEHRENS,  1988). The carbon isotopic composition of authigenic

carbonate reflects the composition of the organic” matter being degraded

(BEHRENS,  1988, KENNICUTT  and BROOKS, 1990). Carbonate resulting

from the oxidation of oil and gas often exhibits anomalously negative d lSC

values (KENNICUTl?  et d., 1989; BEHRENS, 1988). At shallow petroleum

seeps carbonate d 13C values have been reported to range from -47.5 to

+2.0%, reflecting various inputs from seawater ZC02 and oil and gas

oxidation (KEI?NICUTI’ et aL, 1989).

Pofyrwdear  aromatic

All tissues analyzed

Naphthalenes  (both parent

hydrocarbons

exhibited evidence of PAH exposure (Table 3).

and allqdated  homologs) were the dominant PAH



detected. The concentration of total PAH in mussel  tissues ranges from 439

to 1333 rig/g (dry weight). The single tube worm analyzed from site 1

contained 761 rig/g of PAH. These PAH concentrations are within  the range
.

of values reported for other petroleum seep fauna (36 to 7530 rig/g dry

weight] in the GOM (WADE et al., 1989; MCDONALD, 1990). Non-

chemosynthetic  fauna collected near petroleum seeps have significantly

lower PAH concentrations (i.e., <10 - 66 ngig dry weight, WADE et al.,

1989). The concentration

similar to those measured

GOM WADE et d., 1988).

and distribution of PAH in some seep fauna are

in oysters ftom contaminated coastal sites in the

PAH have been measured in waters and sediments associated with

chemosynthetic  communities at shallow petroleum seeps in the Gulf of

Mexico (WADE et al., 1989; MCDONALD, 1990). The concentration of totaI

PAH in water samples collected at a shallow petroIeum seep in the GOM was

“ 28 rig/l, most likely resulting horn the dissolution of seeping oiI (WADE et

d, 1989). An indication of petroIeum seepage in sediments is the amount

of extractable organic matter (EOM). EOM can be composed of both

biological (lipids) and petroleum hydrocarbons. Generally, sediments in the

Gulf of Mexico contain less than 50 ppm of EOM that is of biological origin

(KENNICUTT  et aL, 1988c). Previous studies have reported EOM values

that range from 21 to 5900 ppm in sediments associated with shallow

petroleum seeps in the GOM (KENNICUIT et aL, 1988a). The EOM levels

of sediments collected during geochemical suweys in Alaminos  Canyon

ranged from <10 to 2338 ppm (unpublished data). Additional evidence of

hydrocarbon seepage in Alaminos  Canyon was provided by total scanning

fluorescence [TSF) and the analysis of head space gases. The intensity and

spectral composition of sediment extracts analyzed by TSF were



characteristic of petrogenic PAH (BROOKS et al-, 1986; KENNICIYIT et al.,

1988a). The concentrations of methane [>400 ppm) and ethane (>5 ppm)

in head space gases of sediments were elevated, suggesting gas seepage

(PHILP, 1987). Additionally, the high concentrations of C2+ gases in head

space samples reflects an input from thermogenic  sources (BROOKS et al.,

1984]. The concentration and distribution of PAH in the tissues of Alaminos

Canyon fauna indicate chronic exposure to sediment and/or water-associated

PAH, most likely derived horn the natural seepage of petroleum.

CONCLUSIONS

The chemosynthetic  communities discovered in Alaminos Canyon ffl

the depth gap of previously known chemosynthetic  communities at shallow

petioleum seeps (400-1400 m) and at the Florida Escarpment (3000 m) in

the Gulf of Mexico. No metazoan  chemosynthetic communities have been

documented below 400 m. Thus, the Alaminos  Canyon discovexy suggests

that chemos@hetic communities can now be expected at depths below 400

m, wherever regional processes produce a sufficient flux of substrates

suitable for chemosynthesis and/or methanotrophy at an oggenated

sediment-water interface. Although, oil and gas seepage were not observed

during dives in Alaminos Canyon, previously collected oil-stained sediment

cores, geochemical data, and data collected in this study support the

conclusion that these communities are associated with oil and gas seepage.

me taxonomic similarity of a mussel and two species of tube worms in

Alaxninos Canyon to species found at chemosynthetic communities nearly

500 nautical miles apart suggests that these organisms may not be restricted

to one geographic region. The discovexy  of two species of mussels, one of

w h i c h  h o s t s  methanotrophic symbionts whi le  the  other  hosts  both

methanotrophic and sulfide-oxidizers, at a single site raises questions as to



what  environmental  factors  control  microhabi tat  dis tr ibut ion of

chemosynthetic and;or methanotrophie  fauna.
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Table  1. Enzyme activfty and 613C values in various tissues of two species of mussels co[!ected  in
Alaminos Canyon

Dive #/Species Sulfur APS-R ATP-S RuBP C/O MeDH Tissue i31qC
Tissue (%GWW) (IU/g-l) (IU/g-l) (IU/g-l) (IU/g-l) %0

2209/
seep mytilid  II

d 0.585 f 0.288* nd* 2.56 A 1.05* 0.022* 0.008* 2.27 A 0.97* -48,2 k 0,4*

221 1/
seep mytilid  II

gill nd* nd* 0.60 t 0.39* 0.003 t O.001* 2.37* 1.19* -48.8 k 1.7*

221 1/
seep mytilid Ib

gill nd nd nd nd 6.96 f 1.75 -43.9 i 1.8

data is mean k standard error, n=5 for all measurements
* Fisher et al,, 1991
nd=not detected
IU=In[emational  Units, p.mol substrate convened to productirnin
sulfur is elemental sulfur in gills expressed as a percent of gill wet weight
APS-R = adenosine-5’-phosphosulfate reductase
ATP-S = adenosine-5’-triphosphate sulfurylase
RuBP C/O= ribulose-  1,5-bisphosphate carboxylase-oxygenase
MeDH - methanol dehydrogenase



Table 2. Enzyme actiufty in trophosome tissue and 613C values of vestimentum
and trophosome  tissue from vestimentt~erans  collected i n

Alaminos Canyon

Dive #/species APS-R ATP-S RuBP C/O MeDH Tissue 513C
Tissue (IU/g-l) (IU/g-l) (IU/g-l) (Iu/g-q % 0

2209/Escarpia sp.

trophosome (-)oZ* * (-)2
n=4

vestimentum

221 l/Lamellibrachia  sp.

trophosome nd
n=3

vestimentum .

19.2 fll.O 1.2 ~().48 nd -35.5 *’ 1.0
n=4 n=4 n=4

- - -36.;=: 0.5
n=5

8.5 * 2.0 0.4 k 0.14 nd -20.7 k 1.0
n=3 n=~ n=3

-;7;
n=l

data is meant standard error ‘
nd=not detected
-=not  analyzed
IU=International  Units, pmol substrate converted to producdmin
*APS reductase  was detected in a single individual at 0.7 IU/g/min
APS-R = adenosine-5’-phosphosulphate reductase
ATP-S = adenosine-5’-rnphosphate sulfurylase
RuBP C/O= ribulose- 1,5-bisphosphate  carboxylase-oxygenase
MeDH - methanol dehydrogenase



Table 3. 8~3C values and total  PAH concentrations in various
tissues of mussels and tube worms collected in Alaminos

Canyon

Dive #/Species &13c ~34s ~34s *f 0s Total PAH
Tissue !%0 %43 %0 (ngfg dry wt.)

2209/
seep mytilid II

body

221 1/
seep mytdid II

whole bdy

2209/
Escarpia sp.

221 1/
Lamellibrachia

Sp.

-48.2 + 0.4
n=5

-46.2 & 0.3
n=5

-49.1 * 1.3
n=5

-35.8
n=l

-20.7
n=l

-1.s~o.z
n=5

+1.6* 0.8
n=5

-8.4
n= 1

-23.2
n=l

.2.8  & 2.1
n=2

946 * 150
n = 5

520 +38
n = 2

761
n= 1

data is mean A standard error
---or analyzed
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Fig. 2. A p p r o x i m a t e  l o c a t i o n  o f  ehemos~thetic  c o m m u n i t i e s  i n

AIaminos  C a n y o n . O b l i q u e  p e r s p e c t i v e  v i e w  o f  Alaminos  C a n y o n

der ived f rom SEA BEAM mul t i -beam echo-sounder  mapping.  .  Depths

w e r e  d e t e r m i n e d  u s i n g  a n  accoustic  Wave V e l o c i t y  o f  1 . 5  k m / s e e .

Vertical exaggeration 5:1; northwest is top.





Fig.  3. Photograph of xnussels (A) and tube Worms (B) attached to a
1carbonate structure at site 1 (dive 2209) in Alaminos Canyon.
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Notice to Lessees and Operators of Federal Oil and
Gas Leases in the Outer Continental Shelf Gulf

of Mexico OCS Region

Implementation of Measures to Detect and
Protect Deepwater Chemosynthetic Communities



U.S. DEPARTMENT OF THE INTERIOR
MINERALS MANAGEMENT SERVICE
GULF OF MEXICO 02S REGION

NOTICE TO LESSEES AND OPERATORS OF FEDERAL OIL AND GAS LEASES
IN THE OUTER CONTINENTAL SHELF

GULF OF MEXICO WS REGION

Implementation of Measures to Detect and Protect Deepwater Chemosynthetlc
Communities.

A. Introduction and Background

Oeepwater  (greater than AiOO m) chemosynthetfc  organfsms have recent ly  b e e n
discovered tn the Gulf of Mexfco (GOM1. Chemosynthetfc communities a r e
assemblages of tubeworms~ clams~ mussels~ bacterfa ma~s  and other associa ted
organisms. Many of  the  specfes~ whtle sfmflar to those of other deepuater  areas,
fncludfng  the vent comnunftfes  of the G a l a p a g o s  Rldge~ are new to sc~ence. Mhlle
generally widespread and In low densitfess there are examples of very hfgh
densities of the organisms in apparently yew smalls isolated areas. These areas
of high-density convnunfties are apparently associated with hydrocarbon seeps?
vents or gaseous sediments. Oil and gas actfvftfes~  which disturb the sea f loor
where such dense comnunftfes  are locateds will cause damage to any of these
communities with whfch they come into contact. Such activities would fnclude
(but not be lfmited to) anchoring placement of seafloor templates,  and
i n s t a l l a t i o n  o f  pfpelines.

R e g u l a t o r y  authorfty  t o  r e q u i r e  avofdance  or protection  of chemosynthetic
communities and avoidance of shallow hazards~ such as vents or gaseous sediments~
appear at several places in 30 CFf? 250. General provisions concerning protection
of ffsh and other aquatic lffe are at 30 CFR. ZSO.5(a)  and 30 CFR ZSO.20(a).
Specific provisions concerning sea bottom hazards at particular sftes are at 3 0
CFR 250.33(b)(l)(fx)  for exploration plans, 30 CFR Z50.34(b)(l)(vii)  for
development and production plans~ and 30 CFR.ZSO.139(b)(2) for foundations.

Oetaited  data regarding the extent. location, structure, and relationship of
these comnunfties  to the local geophysical environment are at present
unavailable. Currently, operators fn water depths greater than 400 m are
required to provfde  certafn data fn order for Mfnerals Management Serwlce (MNS)
to make determinations regardfng  the possibility of chemosynthetfc  communities
being present-and the” potential of their being hanneci  by-exploration and
development activities. These requirements were previously fmposed on a case-by-
case basis?  houever these requirements are now included in a letter to lessees
dated October 12, 1988, uhich  specifies information requfred for Plans of
Explorat ion (POES) and Development Operat ions Coordlnatfon  Documents (DKDs)  for
oil and gas leases  in the  GOM OCS Region .



B. Purpose and Scope

It is the purpose  of this Notice T O Lessees and Operators (NTL) to Inform all
operators of leases in water depths greater than 400 rn of the requirements
currently being Imposed by MMS and to provide a consistent and comprehensive
approach which wfll avoid damage to high-densfty chemosynthetlc  communities. The
requirement of Pati C below shall apply to all operations of G(3M leases fn water
depths greater than 400 m and shall remain in effect until superseded.

c, Implementation

1. Be9fnnfn9  ~~ owners and operators of leases on blocks
In water depths of 400 m or deeper In the G(3M shall comply with the
followlng:

“a. Prfor to approva~s of Applications for Permit to Drill. (AIWs)
and Pipeline Applicat$ons~  the operators shall dellneate all
seafloor areas which would be disturbed by the proposed
operations. Additionally, an analysts of geophysical
fnformat~on  for these areas~ as well as any other pertinent
tnfomation available. shall be furnished which discusses t h e
possibil~ty of disturbing geological phenomena (such as
hydrocarbon charged  sediments~ seismic wipe-out zones~ -
anomalous mounds or knolls~ gas vents? or oil seeps] that
could suppoti chernosynthetic  organisms.

b. If the subsequent review by MMS of the analysfs requ~red
by I.a. above results in a determination that high-density
chemosynthetlc  communities may be present and could  potentially
be banned by the proposed activities the operator will be
required t o :

(1) modffy the application to relocate the proposed
operations to avoid Impactfng  possible chemosynthetic
communities; or

(2) modffy the application to provide additional ~nformat~on
(perhaps includfng a photo-survey? a video-survey, or
already available Information) whfch documents whether
hfgh density chemosynthetic  connnunities  exist In the
areas of concern; or

(3) adhere to cetiafn conditions of plan or application
approvals  such as use of a remotely operated vehicle to
precisely set anchors, or to ensure that the propmed
anchor pattern does not impact chemosynthetic
comnunities~  to monftor  impacts caused by the proposed
works or any other condftion deemed necessary by the
Regfonal Director .



2. The requirements  of this section may be rev fsed  as new i n fo rmat ion  IS
r e c e i v e d .

o. I n t e n t

The provisions
I n t e r p r e t a t i o n
s t i p u l a t i o n s .

of this NTL are I n t e n d e d  t o  provide clarification? descrfptfon?  or
of requirements contained in OCS operating regulations and lease
This NTL does not fmpose a d d i t i o n a l  r e q u i r e m e n t s .

&dlJ D@ctorv
f of Mex”ico (KS Region

fnerals Management Service

Approved:

Associate Director for

Oate

*

Offshore Mtnerals Maria@
Minerals Management Service



Epifaunal Aggregations of Vesicomyidae
on the Continental Slope off Louisiana
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Epifaunal aggregations of Vesicomyidae on the continental slope off
Louisiana

IAN ROSMAN, *~ GR E G O R Y  S. BO L A N D* and JOSHUA S. B A K E R* ”

(Received 23 September 1986;  in revised form 26 March 1987; accepted 11 May 1987)

Abstract—Two species of the bivalve family Vesicomyidae living at a depth of 940 m in the
central Gulf of Mexico were photographed, counted and measured. These species, which are
related to bivalves in ehemoautotrophic  communities in the Gulf of Mexico and at hydrothermal
vents in the Pacific Ocean, occucred  here in two apparently distinct aggregations clearly visible on
the sea floor surface. Living vesicomyids were generally found amid a seater of dead shells and
occurred in densities of 0. S-9.6 individuals per mz. Distribution of living individuals within the
aggregations was patchy. Living clams appear to plow actively through a substrate of silty clay,
leaving behind distinctive, cuming furrows up to 205 cm in length. Estimates of density, size
distribution and spatial distribution provide a basis for detection of change in the aggregations
over time and for comparison with similar aggregations.

I N T R O D U C T I O N

COMMUNH-IES of deep-sea organisms resembling those reported from hydrothermal vents
in the Pacific Ocean have been found in the Gulf of Mexico at a cold-sulfide seep at the
base of the Florida Escarpment (PAULL et al., 1984) and at a petroleum seep on the
continental slope off Louisiana (KENNtCUIT et af., 1985). The Pacific Ocean hydrothermal
vent communities are remarkable because they depend on a nonphotosynthetic  carbon
source obtained by metabolizing reduced inorganic compounds, particularly sulfides,
present in the vent effluents (FELBECK, 1%1; CAVANAUGH, 198S; JOHNSON et al., 1986).
Analysis of stable carbon-isotope ratios in the clams Calyptogena  ponerossa  and Vesico-
nzya cordata  (Vesicomyidae) from the Louisiana petroleum seep indicate that these
organisms also depend at least in part on a nonphotosynthetic  food source (KENNICUIT et

d., 1985). Ecological comparisons between seep communities in the Gulf of Mexico and
Pacific Ocean hydrothermal vent communities have been limited. One wouId expect the
physical and chemical differences between the two habitats to be reflected in the
distribution patterns, densities, and population characteristics of seep organisms.

We analysed photographs of assemblages of two species of Vesicomyidae and were
able to quantify their spatial distribution and to inventory their numbers. Our results
describe characteristics of these assemblages that can be attributed to the animals’
behavior and to properties of their environment.

“ LG L Ecological Research Associates, Inc.. 1410 Cavitt  St.. Bryan, TX 77801, U.S.A.
t Present address: Department of oceanography, Texas A & M University, College Station, TX 77643,

U.S.A.
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Photographs of the sca floor  Iverc  1 aken  during an ccolqical survey  of the northern
Gulf of Mexico  continental slope. The survey was conducted in a series of five cruises
that occ:lpicd a total of 60 sampiin~  stations (Fig. 1). Approximately 750 phonographs
were taken at each sampling station. Ttte camera sled was suspended from the vessel so
that the plane of focus was parallel to the bottom and was “flown’” at altitudes of 0.5–
4.5 m as the vessel slowly drifted along transects 1500-5000 m in length. The .camcra
system included a clock and an altimeter  (Benthos model  2210) that recorded the time
and altitude above the bottom on each photograph. Camera altitude was maintained by
adjustments to the winch in response to readings from the altimeter, which Were
transmitted to- the vessel by a secondary pinger. The heading and drift speed. monitored
on a LORAN C navigation system, were usually constant throughout the transect. The
camera (Benthos model 372) had a 28 mm fixed focal-length lens and was loaded with an
We-exposure roll of 35 mm Ektachrome film (ASA 200). Photographs were exposed
every 8 s. Illumination was provided by a high-intensity strobe (Benthos model 383) that
was mounted at an angle of 45°.

The scale of the photographs was calculated from their exposure’ altitude and the
acceptance angles of the camera lens. Knowing the scale of the photographs allowed us
to interpret the area of the bottom shown in each photograph as a quadrat sample of the
survey site (G RASSLE et d., 1975; RIPLEY, 1981) and to measure the length of individual
clams. Variations in exposure altitude caused the area of the quadrats to vary between
0.3 and 11.5 m2 (mean = Z.Z m2). photographs exposed outside this range of altitudes
were disregarded. The resulting sample consisted of a series of quadrats of various sizes,
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Fig. 1. Chart  of study area showing sampling stations. The stations were grouped in four
transects: west, wesl-ccmtral,  central and east. Aggregations of vesicomyids were photographed

al central transccl  slation number  7 (ilrrOW).



smI@  Size Ahundancc

Tr:lnscct “rr:mscct Numhcr  of Sum of qu:drnl Dead Living Vcsicomyid
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ro~d ~r:insccl 1520 493 1470 246(]
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3(15. 420
140 46 117 913 90 155

Aygrcy[ion 2 95 .3s 159 1462 213 265

irregular y spaced along the transect (Table 1). The location of each photograph on the
transect was calculated from its time of exposure and the total time of the transect.

All photographs that contained visible organisms were projected onto the platen of a
digitizer, which was used to record the length and counts of the individuals in the
photographs. The digitizer operator recorded the camera altitude and time of exposure
for each photograph on a microcomputer connected to the digitizer, and then used the
digitizer’s cursor to count and measure the subjects in the photograph. Data records from
the digitizer were transmitted from the microcomputer to a database. Custom software
used the scale of the photographs to convert the digitized images and counts into
estimates of lengths and densities of bivalves that were then available for analysis.

RESULTS

A total of 90,000 photographs was obtained from the study (Fig. 1). Organisms
observed among the photo-transects included decapod crustaceans, echinoids  and fishes;
however, the overwhelming majority of individual photographs-did not contain orga-
nisms. The most abundant organism was a small holothuroid  that o~urred in high
densities (up to 86 per m2) at several of the central transect stations. Bivalves and shell
fragments were extremely rare. An exception to this  occurred at Sta. C7 (Fig. 1), which
is located at 27°45 ‘30”N and S!l”sg’18”W at a depth of 940 m. Numerous bivalves were
observed in the photographs from this station (Table  1). The overall abundance of clams
in the photographs and their apparent density greatly surpassed that of bivalves at any
other station and were second in abundance only to the holothuroids.

The bivalves in the photographs were identified by F. J. ROKOP (personal communica-
tion) as two species of the genera Calyptogena  and Vesicornya (Vesicomyidae).  Vesico-
myids  collected at a similar depth from a site approximately 60 nmi from Sta. # were
identified as C. ponderosa  and V. cordata (KENNIC~ et al., 1985). Careful comparison
of some of these specimens with a few well-photographed individuals showed that the
species C. ponderosa  and V. cordata were present. Most specimens in the photographs
could only be identified as vesicomyids, and many could not be positively identified at
the family level; however, general similarities in the shape and Color of the shells and of
trails left by living individuals suggested that the clams in the photographs were
predominantly C. ponderosa and V. cordata.

Vesicomyids were by far the most abundant organism seen on the phototransect.  The
photographs showed living specimens, dead valves, and trails in the surficial  sediment
(Fig. 2). The living clams often appeared amid a dense scatter of dead and partly buried
valves, both  in groups (Fig.  2A) and as solitary individuals (Fig. 213). Individual valves
from dead clams  were either  widely gaped or disarticuiated  with the valve concavity
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visible: each valve was counted (Fig. 2C). The specimens th:it  could not be classified
immediately were partly buried  with the convex side uppermost (Fig. 2D); these
specimens were added to the count of gaping or disarticulatcd valves. The total number
of dead individual bivalves (Table 1) was calculated as half the number of gaping or
disarticulate valves. Some of the doubtful specimens may have been alive, so classifying
them as dead would over-estimate the number of dead specimens; however, dead valves
clearly constituted the dominant category in almost all quadrats.

Living vesicomyids were usually oriented in a nearly horizontal position with  the hinge
and umbo visible above the sediment (Fig. 3a). The animals apparently plow through the
surface layer of sediment, leaving behind dktinctive trails. Vesicomyid trails were vee-
shaped, curving furrows; both species left trails (Fig. 3a). A second, more delicate form
of trail was sometimes seen among the clams (Fig. 3b). These trails, which were narrow,
had distinct edges and disturbed only the uppermost layer of the sediment, Were easily
distinguished from the vesicomyid trails.

Counts of the specimens visible on the surface in each quadrat thus were divided into
three categories: living vesicomyids, dead vesicomyids and vesicomyid trails. The results
of these counts showed two regions of high abundance on the transect, which together
c o n s t i t u t e d  c 19°/0 of the total area photographed (Table 1). The distance between these

r e g i o n s  s u g g e s t s  t h a t  w e  s a m p l e d  t w o  s p a t i a l l y  d i s t i n c t  aggregations  of Vesicomyids

( a g g r e g a t i o n s  1  a n d  2 )  t h a t  w e r e  a t  l e a s t  1 4 0  a n d  9S m  in l e n g t h ,  r e s p e c t i v e l y ,  a n d

separated by no more than 480 m. Figure 4 shows that although the proportions of living
and dead varied, living clams were usually intermingled with shells from dead indivi-
duals. Dead clams (calculated as half the number of individual valves) outnumbered
living clams by 5:1 and 3:1, respectively, in the two aggregations. Mean densities of living
vesicomyids in aggregations 1 and 2 were 2.32 per m2 (S. E. 0.67) and 2.71 per m2 (S. E.
2.27), respectively. Variations in the densities of trails appeared to mirror the variations
h the density of living vesicomyids, and both densities were reduced where the density of
dead clams was highest (Fig. 4). The number of traik exceeded the number of living
clams in photographs in which long trails were broken (i.e. those without a clam at one
end) or the trail makers were out of the picture.

25-

20- = Uvimg Vesicomyids

15-

lo-

- 5
‘E

a 800 DMance along transect (m)
o O-J=
2 5-~
g lo-

15.

20 J Aggregation 1 Aggregation 2

Fig. 4. Point estimates of density for living and dead vesicomyids  and vesicomyid trails;
obtained by dividing the count of each category in a quadrzu by the quadmt area and plot(cd
~{:ainst [I}eir poSi[iOn ~lOng Ihc tran~c[. The number of dc~d individuals W:IS cdlcul~[e~ as half

the number of individual dead valvcs.
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Fig. 3 Photographs of the two types of traik observed in the aggregations of vesicomyids. (a) A
vcsicomyid in characteristic plowing posi[ion and its vee-shaped, curving tmii.  (b) ShON’S [hc faint
sur(acc trails formed by a second trail-making organism that occurred in the ag:re:utions

(arrows). Only [rails similar [o those in (a) \\’erc included in xhc analyses.
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Valve lengths were recorded [o the nearest millimc(cr  whenc~cr bo[h ends were
clearly visible. Partly buried individuals were not measured, so the measurement sample
was a subset of the total number of clams in the pho[o~raphs. The resulting frequency
distril]utions are shown in Fig. 5. Because the living clams were often angled toward the
camera, inaccurate measurements may have resulted from the foreshortening effect.
Dead valves tended to be more visible, particularly When the concave side was uppermost.
Trails were also measured, and they ranged in length from 4 to 205 cm (mea~, 34 cm).

The sediment within the aggregations and throughout the photo-transect was
uniformly fine-grained,  with little surficial  carbonate rubble apart from the clam shells,
and the bottom contour of the surrounding area was regular. Despite the apparent
homogeneity of the habitat, the density of clams varied considerably (Fig. 4), which
suggested that their distribution was clustered or patchy within the aggregations. To
determine the degree of patchiness, we computed three indices for the living vesicomyids
within the aggregations ( GRASSLE et tzi., 1 9 7 5 ;  RI P L E Y,  1 9 8 1 ) :  t h e  i n d e x  o f  c l u s t e r  size

(ICS):

Ics = 
(S%) -1

the index of cluster frequency (ICF)

ICF = z/ICF

and Morisita’s 15

18 = ~fij(Xj - 1)/{ti(ti - 1 ) } ,

where xi is the count in quadrat i and n is the number of quadrats. To calculate these
indices, we pooled quadrats within selected intervals of quadrat areas. This aI1owed  us to
compare the effect of the scale of variation on patchiness (Table 2).

The values shown in Table 2 suggested that living vesicomyids had a patchy distribu-
tion within the aggregations. The Morisita’s 13 values were substantially greater than
zero, and a Chi-square  test for ICS values showed all to be significantly greater than zero
(F’ = 0.05). There are two probable distributional forms that could result in the type of
patchiness indicated by these indices: a point-cluster process and a random-rate Poisson
process ( DO U G L A S, 1975).  In a point-clustered distribution, the organisms might tend to

occur in association with discrete environmental features (e.g. fish clustered around
points of topographic relief; see BOLAND et al., 1983). Diagnostically, this would result in

20
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Living Ves.icomyids
n= 239

I

40
Length

8 0  ~md 120

Fig.  5, Length di~[j-ib~tion~  Of living vesicomyid~  (left) and individual dead valves ( r i g h t )
measured the projected photographs with use of a digitizing p[atcn.  lle m e a s u r e m e n t  s a m p l e

included all fully visible vcsicomyid valves in the phototransect.



ICF values that have a strong positive correlation with quadrat size (RIPLEY, 1981). This
trend was not evident in the ICF values for vesicomyids in the two aggregations. It is
likely therefore that the distribution of clams in the two aggregations is parsimoniously
modeled with a random-rate Poisson process. This implies that within the aggregations
the living clams occurred randomly, but with a varying rate of intensity.

D I S C U S S I O N

At hydrothermal vents and other areas where inorganic compounds are issuing
“ through surface or near-surface fissures, living Calyptogena align themselves in dense

rows within the active fissures (HESSLER et al., 1985; SUESS et al., 1985). The utilization of
reduced sulfides by Calyptogena  suggests that an aggregation of these clams marks a
discharge of sulfides at a site; their fine-scale distribution shows the localization of the
points of discharge (CHILDRESS and MICKEL,  1985; CORLISS ef aL, 1979). The age of such
an aggregation of clams establishes the minimum period during which discharge has
taken place. Aggregations of Cafyptogena that consisted predominantly of living indivi-
duals of a uniform size were judged to be more recently established than aggregations of
dead shells of the same size (~ESSLER  ef al., 1985; CORLISS et al., 1979; CRANE and
BALLARD , 19s0).  Aggregations consisting entirely of dead shells  are presumed to have

experienced a failure of nutrient supply (GRASSLE, 1985). The proportion of living and
dead and the size and spatial distribution of individuals in aggregations of vesicomyids
are all characteristics that can be used as a basis for comparison between central Gulf of
Mexico seeps and other communities in chemically enriched. environments.

The size range of clams in our photographs suggests that both living and dead
individuals of a variety of ages occurred in the aggregations (Fig. 5). Growth curves for
C. ponderosa  and V. cordata are not available and, in any event, the mixture of species in
the aggregations precludes the possibility of proposing an age distribution on pooled size
distributions. The large sample size (n = 1396) suggests that the bimodal frequency
distribution of the individual valves apparent in Fig. 5 was not an artifact of the
measurement technique. This is consistent with the observation by BOSS (1968) that C.
ponderosa  is more elongate than v. cordafa.  The symmetry of length distributions and
the similarity between the length distributions of living and dead clams were evident.
Growth cohorts did not appear in the size distribution curves. The clams in [hese
photographs cannot  be descri~e~ aS uniformly  si~efi.  Furtllerrnore,  careful examination



of sections of the transects in which dcxl shells predominiited  showed that there were
always some iiving individuals amid the accumulated dead shells. The smooth shape of
the size distributions and the presence of living individ~lals  throughout the aggregations
may be :in indication of continuous recruit mei]t and a stable population.

The siphons of both C. pomferosa  and V. cordafa are short, barely extending beyond
{he posterior margin of the shell (Boss, 196 S). This would suggest activity at or near the
surface sediments rather than in deep burrows. Adult Glyp/ogena  (>90 mm) have been
observed on the surface of soft sediments at depths of 900-1200 m in Sagami Bay, Japan;
while younger forms buried themselves more completely (OHTA and kIASHIMOTO,  1986).

The adult clams in our photographs left a clearly etched record of their activity as they
plowed through the surface sediments (Figs 2 and 3). The length of these meandering
trails (up to 205 cm), and their presence throughout the aggregations, showed that the
clams were capable of substantial movement. Accumulation of dead shells in areas still
inhabited by living individuals indicated that the aggregations observed in the photo-
graphs remained in more or less discrete areas for a period greater than the life-span of
individuals and the dissolution time of their shells.

These aggregations of vesicomyids appeared to extend across larger areas (95-140 m)
than the thoroughly mapped aggregations of Caiypotogena  at Pacific Ocean hydrother-
mal vents. Similar transects across the aggregations would have been about 10-60 m in
length ( HESSLER et al., 1985; CRANE and BALLARD, 1980). Within the Gulf of Mexico
aggregations, the vesicomyids did not occur in regular formations that could be detected
by our photographs. In an area that lacked extensive hard substrate the only apparent
constraint on the occurrence of bivalves was the absence of nutrients. Patchy d~tribution
of clams within reasonably discrete regions of the transect indicates a nutrient source that
was confined to the areas of the aggregations, but was discontinuous within these areas.
These nutrients must have been sufficiently dispersed to require active searching rather
than passive orientation. Random occurrence of living clams at varying density suggests
gradients in the pore-water chemistry rather than point-sources of nutrients. This is
consistent with the diffuse but variable concentrations of sulfides and hydrocarbons found
in the sediments at the Louisiana seep sites (BROOKS et al., 1984; KENNINI~ et al.,
1985).

C o n c l u s i o n

The Vesicomyidae have shown a variety of adaptations. Aggregations at central Gulf
of Mexico petroleum seeps were found at depths of about 700 m (KENN[CUtT el af., 1%$;
at other cold seeps they have been found from 1200 to 3000 t?l-(pAULL et al., 1984; SUESS

er al., 1985; HORIKOSHI and lSHII, 1985),  and at eastern p a c i f i c  O c e a n  h y d r o t h e r m a l  v e n t s

they occurred at about 3000 m (HESSLER  and SMtTHY,  1983). Calyptogena at hydrother-
mal vents were larger and had higher local densities (CRANE and BALLARD, 1980) than
the C. ponderosa  and V. cordata in our photographs, but  faced the periodic loss of their
nutrient supply (G RASSLE,  1985). observations of C. rnugrzijka  show that members of this
family can adapt to a relatively passive and epifaunal existence on the basalt substrate at
hydrothermal vents ( TURNER , 1985). The clams in our photographs showed active
epifaunal behavior on soft substrate. if they  prove  to be typical of petroleum seeps, their
behavior demonstrates additional variety in the adaptation of Vesicomyidae to chemi-
cally enriched environments.
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ABSTRACT

Organism tissues from areas of naturai oil seepage conlain

988;

signz~can 1
amounts of po!ynuclear aromatic hydrocarbons (PA H). Higher con-
centrations are found in sedentary organisms (i.e. mussels and tube worms)
than in more mobile species (i.e. $sh). The PA H distributions indicate that
the seep organisms are exposed to sedfment and/or Water associated PAH.
The concentration and composi~ion  of PAH in sedentary organisms are
similar to that of an o~lster from a coastal site indicating similar mechanisms
of PA H uptake, deputation and accumulation. Tissue PA H concentrations
indicate that these organisms are chronically exposed to high levels of
petroleum in ~heir environments and yet thriving communities are present at
these loca~ions.  Microbial biomass in these seep areas is also substantially
enhanced, and the carbon isotopic composition of tissues of organisms from
higher trophic levels reflects  the incorporation of bacterial biomass. The
sedimentary sulfur cycie is heavily in~uenced by the process of natural oil and
gas seepage and plays a key role in maintaining these communities. The
primary source of kotopicaily  light carbon to the s~stem can be solely derived
from chemosynthesis  (HZS  or CH.).  The role of degraded oil as a partial
source of ligh~  carbon to some organisms cannot be, ruled out.

INTRODUCTION

Bivalve populations in coastal areas have been used extensively to determine
the fate and effect of hydrocarbon contamination (Blumer  et ai., 1970;
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Barrington & Quinn,  1973; Boehm & Quinn,  1976; Philips, 1980). Mussels

(Afylilus  sp.) and various oyster species (Crassoslrea  and Ostrea) are used as
sentinel organisms to monitor hydrocarbon pollution in coastal waters
(Bravo et al.,. 1978; Cossa e/ al., 1983; Barrington e~ uL, 1983; Martin &
Castle, 1984; Lauensteirt  i% O’Connor, 1988; Wade e{ ai., 1988). Bivalves
exhibit low or undetectable enzyme activity for metabolizing xenobiotic
compounds such as polycyclic aromatic hydrocarbons (PAH) when
compared to fish and crustacea  (Lee e~ af., 1972), and, therefore, bivalves
bioaccumulate xenobiotic contaminants without alteration.

Biological communities associated with petroleum seep areas in southern
California have been extensively studied (Spies et d., 1980; Davis & Spies,
1980; Montagna et aL, 1987). Deposit feeders from these seep areas have
tissue carbon isotope ratios suggestive of a petroleum source (Spies &
DesMarais, 1983). Microbial biomass is greatly enhanced at these seep sites,
indicating that the microbes are responsible for the trophicdy enriched
infaunal  populations in these seep areas (Montagna  et aL, 1987). The
southern California seep areas are enriched in heterotrophic activity, have
an unusual sedimentary sulfur cycle and are areas of enhanced colonization
of invertebrates (Spies el aL, 1980). Similar communities have also been
recently discovered at Gulf of Mexico seep sites.

Extensive communities of organisms (including mussels, clams and tube
worms) are intimately linked to the natural seepage of gas and oil on the
continental slope of the northern Gulf of Mexico in 500 to 600 m of water
(Kennicutt  e~ aL, 1985). Carbon isotope analyse$ enzymatic studies, and
electron microscopy confirmed that these communities are based on
chemosynthetic utilization of reduced compounds (i.e. HZS, CH4) by
bacteria (Brooks et al., 1987a,b}.  Further studies have shown that mussels
(family Mytilidae) contain endosymbiotic  methane-oxidizing bacteria.
Utilization of organic matter derived from bacterial oxidation of methane
can potentially satisfy the mussels’ entire carbon and energy needs (Childress
e~ a[., 1986; Cary et al., 1988).

The primary objective of the present study was to determine the PAH
concentrations in tissues of organisms collected c40se to known oil seepage.
The nutritional dependence of the symbionts, such as the mussel/bacterial
system, on reduced compounds from seepages, requires them to be
chronically in contact with high hydrocarbon concentrations. Though Spies
er al. (1980) were unable to demonstrate adaptation to the high hydrocarbon
environments, it was suggested that adaptation may account for mitigating
effects. This obligate association of oil and organisms may provide
information on the bioaccumulation  of PAH by organisms in an ecosystem
that has apparently evolved and thrives in the presence of high PAH
concentrations. A secondary objective was to determine water column and
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sediment PAH distributions to compare with the organism tissue PAH
distributions.

MATERIALS AND METHODS

Sediment, organism, and water samples were collected with piston cores,
benthic trawls, and clean 20-liter Nkkin bottles, respectively, on R/V GYRE
Cruises 85-G-5 and 86-G-2 (Table 1). Additional organism samples were
collected with the submersible Johnson Sea-Link on Dive 1877, and
sediments and organisms were also collected with the US Navy nuclear
powered submersible NR-1.  Upon retrieval, organism and sediment samples
were frozen in precleaned aluminum foil or glass jars with teflon-lined  screw
caps. The sediment and organism samples were frozen and returned to the
laboratory for further processing and analysis.

Internal standards were added to all samples before extraction. The
aromatic internal standard contains da- 1,4-dichlorobenzene, d~-
naphthalene, d ~ ~-acenaphthene,  d ~ O-phenanthrene,  dl ~-chrysene,  and
d ~ ~-perylene. Internal standards were added at a concentration level
similar to that expected for sample analytes.

Water samples were extracted on the ship immediately after collection.
The water was acidified to a pH of 2 or lqss with.HCl and aromatic internal
standards, c o n t a i n i n g  d~- 1,4-dichlorobenzene,  d~-naphthalene,  d ~0-
acenaphthene, d ~ ~-phenanthrene, d ~ Z-chrysene,  and dl ~-perylene were
added. The water samples (38 to 521) were extracted 3 times. The extraction
was accomplished with a stirrer and motor in 3 to 5, 19 liter clean glass
bottles. The contents of each bottle were extracted with a total of 900 ml of
methylene chloride. The combined methylene chloride extracts were
evaporated to near dryness in a rotary flash evaporator and analyzed
directly by gas chromatography/mass spectrometry  (GC/MS).

Approximately 15 g of freeze-dried sediment (dry weight) was extracted
with methylene chloride for 16 h in a Soxhlet apparatus. Extracts were
stored refrigerated if not immediately fractionated by column chroma-
tography. A push core collected on the NR-i was visibiy oil stained. After
the core was extruded, the oil was removed with a spatula and dissolved in
CH *CIZ. The CH2C1Z extract was then filtered through a Gelman A/E glass
fiber filter coated with NaS04 to remove particles and water. The sample
was diluted and analyzed directly by GC/MS.

Soft tissue (bivalves, gastropod, tube worms) was removed from hard
shells or tubes while still partially frozen, and the entire soft tissue and
accompanying body fluids were homogenized with a Tekmar Tissuemizer.
Fish samples were skinned and filleted frozen and the fillets homogenized
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TABLE 1
Carbon Isotope Values (c513C in %% Relative to PDB) and Total PAH Concentrations (rig/g

Dry Weight) in Organisms and Sediments from Seep Areas

Description Location 6’3C Total

(%0). PAH*

(rig/g)

Sediment core
Sediment core
Sediment core

Clam
Tube worm
Scallop
Shrimp
Fish
Crab
Mussel
Snail
Snail
Crab
Shrimp
Fish

Mussel
Tube won-n

Mussel
Snail
Mussel
Mussel
Mussel
Tube worm
Mussel
Mussel

Oyster

4“6 m**
‘4.2 m**

3.4 ~**

Trawl
Calyrogena  ponderosa
Lutne!iibrachia sp.

Stereomastis  scu!pta
Ha!osaurus guentheri
Geryon quinquedens
h4ytilidae  sp.
Neogastropod
Gaza jisheri
Spider crabs
Stereomastis  sculpts
I-iaiosaurus  guentheri

GC 287***
GC 233/234
GC 272

Collections
GC 287
GC 272
GC 272
GC 272
GC 272
GC 272
GC 233/234
GC 233/234
GC 233/234
GC 233/234
GC 233/234
GC 233/234

Sea-Link Co~ections -

A4ytilidae  sp. GC 185
Lamellibrachia  sp. GC  185

fVR-f Collections
Mytilidae  sp, push core 9 GC 185
Gazafisheri,  Basket No. 2 GC 235
kfytilidae  sp, Basket No. 2 GC 235
k?ytilidae sp, body GC 235
A4ytilidae  sp, gill GC 235
Lamellibrachia  sp, Basket No. 2 GC 235
Alyrilidae  sp, Basket No. 1 GC 185
My fiIidae sp, Push core 8 GC 185

Status and Trends Mussel Watch Collection
Crassostrea virginicu Barataria Bay

– 37-o
-364
– 16.9
– 17“6
– 20-3
– 26”2
–48.5
-27”3
-20.8
-29-6
-17”1
–18.1

– 24”1
– 23”9

–42-9
-38.7
– 508
–31”1
–38”0
-20.3
– 39”3
– 39”5

–21”9

282
177

6800

129
1120

66
32

<10
58

147
46

<10
56
50

<10

36
73

3550
319
121
243

1660
87

712
7530

1900

* Total PAH includes the sum of naphthalene,  methylnaphthalenes biphenyl, dimethyl-
naphthalenes, acenaphthene, fluorene, phenanthrene, anthraeene,  methylphenthrenes.
fluoranthene,  pyrene, benz(a)anthracene,  chrysene,  Ixnzo(e)pyrene,  benzo(a)pyrene, perylene,
dibenz(a,h)anthracene.
** Core section is 20 cm cut starting at this core depth (i.e. 4.6 m).
*** GC stands for Green Canyon, the number refers to the lease block number.
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with a tissuemizer.  A subsample  of these homogenates was removed for dry
weight determination by oven drying.

Approximately 15 g (wet weight) of tissue were required for analyses.
Tissue analytical techniques were similar to those of MacLeod et af. (1985).
The tissue was macerated in CH2C12 and NazS04 with a Tekmar
Tissuemizer for 5 min. The mixture was centrifuged and the extract
decanted. This process was repeated three times. Extracts were concentrated
with a Kuderna-Danish (KD)  Evaporative Concentrator to 0“5–1 ml (60°C).
Again, concentrated extracts were stored refrigerated if not immediately
fractionated.

Each set of samples (6-8) was accompanied by a complete system blank
and a spiked blank which was carried through the entire analytical scheme in
a manner identical to the samples. System blanks include only reagents and
internal standards. Spiked blanks include quantitative amounts of all
analytes as well as all internal standards.

Separation of aromatic hydrocarbons from other organic compounds
was by alumina/silica gel chromatography. Ah.tmina (10 g, 400”C/4  h,
deactivated 1%) was slurry packed in CHZC12 over silica gel (20 g,
170°C/12  h, deactivated 5?40). Copper powder was added to the column for
sediment samples to remove sulfur. The CHZCIZ was replaced with hexane,
and the extrac~ in 1 ml of hexane, was transferred to the column. The
column was then eluted with 50 rnl of pentane (fl) and 200 ml of 1:1
CHZCIZ: pentane (f2). This recovered ‘the al;phatic (fl) and aromatic
hydrocarbon (fz) fractions. The fz fraction was concentrated with KD
concentrators.

The aromatic fraction for organism samples was further purified by
Sephadex LH-20 chromatography in order to remove interfering lipids. The
alumina/silica gel aromatic hydrocarbon (fz) fraction was dissolved in 2 ml
of 6:4:3 hexane :CH30H:CHZC1Z (Ramos & Prohaska, 1981). Sephadex
columns were calibrated with azulene  and perylene  standards before
samples were apphed. The extract was transferred to the column and 150 ml
of the 6:4:3 mixture was added. The first 40 ml were discarded. The next
60 ml of eluate were collected. After each sample, 50 ml of the 6:4:3 mixture
was used to wash the column and was discarded. The collected fraction was
then concentrated with a KD concentrator apparatus. Some of the
tube worm samples were treated with copper powder to remove sulfur.

Quantitation of the aromatic (fz) fraction was by selected ion monitoring
(SIM mode) by gas chromatography/mass spectrometry (GC/MS).  Mass
fragmentation was accomplished in an electron impact mode with 70 eV
electrons. Sample components were separated on 30 m (D13-5,  0“25 mm id)
fused-silica capillary columns with carrier flow (He) of 2-3 ml/min.  Sample
injections were cold-trapped on the capillary column for 1 min at 40°C. The
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GC oven was then heated to 300°C at lz°C/rnin.  Each component  of interest
was quantified  based on the calibration of the peak area of its molecular ion
with an authentic standard. Deuterated internal standards were easily
differentiated due to the differences in the molecular  ions monitored with no
interferences (i.e. naphthalene  m/z = 128, d~-naphthalene  = 136). Two fully
automated GC/MS systems were used: Hewlett–Packard. (HP) 5996
GC/MS/DS  and HP 5970 GC/MSD/DS.  The HP Aquarius software uses a
triple point calibration at three concentrations for each component for
quantitative analysis. Blanks and spike blanks were run with each sample
set. Analyte  concentrations were corrected for blank levels. The limits of
detection for individual aromatic compounds for tksues,  sediments and
water were 10 rig/g, 5 rig/g and 0“ 1 n#liter,  respectively. The PAH analyzed
include naphthalene, methylnaphthalene, biphenyl,  dimethylnaphthalenes,
acenaphthene, fluorene, phenanthrene, anthracene, methylphenanthrenes,
fluoranthene, pyrene, benz(a)anthracene,  chrysene,  benzo(e)pyrene,
benzo(a)pyrene, perylene and dibenz(ajh)anthracene.

Samples were prepared for stable carbon isotope analyses by the closed-
tube combustion method (Brooks el al., 1987c).  The sample is combusted at
800”C for 24 h in the presence of cupric oxide. The carbon dioxide produced
was analyzed on a Finnigan  MAT251 isotope ratio mass spectrometer with
a triple collector. Abundance of carbon isotopes in the samples are reported
relative to the Pee Dee Belemnite standard.

RESULTS AND DISCUSS1ON

Sample collection locations, descriptions, 613C values and concentrations of
the sum of PAH measured are reported in Table 1. All of these samples were
collected in areas of known oil seepage. However, the exact juxtaposition of
oil seepage organisms collected with the benthic trawl is unknown.

The 6 13C values of organisms are useful in tracing the source of their
carbon (Brooks et aL, 1987b).  Seep organisms that derive a substantial
proportion of their carbon directly or indirectly from methane have very
negative b 13C values (Kennicutt et aL, 1985; Brooks e~ al., 1987b).  Organisms
that derive their carbon mainly from marine phytoplankton  have carbon
isotope values ranging from — 19 to — 2 l!Xm (Gearing et al.j 1984)” The
carbon isotope values measured for organisms from these sites can be
divided into three groups: (1) heterotrophic ( – 14 to – 20%0);(2) sulfur-based
(– 30 to –42%o); and(3) methane-based ( c –40%0). Immobile (tube worms,
mussels, clams), moderately mobile (scallops, gastropod, crabs), and very
mobile (fish and shrimp) species were analyzed.

The 6 L 3C values of organisms reflect their carbon source or sources.
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Fig. 1. Relationship between 6 13C values and total measured PAEI concentrations (see
Table 1 for explanation).

Because there is seepage of both methane (613C = –40 to –45%o) and oil
(&3c= – 26.5 to – 27”5%0) and the oil contains PAH in these areas, a
covariance  in tissue J13C and total PAH concentration of organisms
collected at these sites was expected. A plot of tissue 613C values and total
measured PAH concentrations is illustrated in Fig. 1. The fish and shrimp
analyzed had heavier, 13C-enriched,  carbon isotope values (– 16”9 to
– 20.8), reflecting a heterotrophic  sou;ce of ‘carbon for these mobiie
organisms. The range of tissue PAH concentrations for these organisms is
<10 to 66 rig/g. In contras~  the tissues that are depleted in 13C ( — 36.5 to
– 50.8), confirming the presence of chemosynthetic  carbon, have limited
mobility, with the exception of one snail sample (– 38”7%0). Tissue PAH
concentrations for these organisms range from 121 to 7530 rig/g. The
organism tissues with intermediate carbon isotope ratios (– 23”9 to
– 29.6%0}, possibly resulting from mixed carbon sources, have limited or
moderate mobility. These tissues also have intermediate PAH con-
centrations ranging from 46 to 73 rig/g. Tissue i$13C values and PAH
concentrations may reflect: (1) proximity to oil and gas seeps for limited
mobility organisms or (2) residence time in these areas for the more mobile
organisms. Bivalves are known to have little or no enzymes for metabolizing
PAH, as compared to fish and crustacea  (Lee et al., 1972). Therefore, an
alternative explanation for the lower PAH content of the non-bivalve
organisms may be their innate ability to metabolize PAH.

The variability of d13C values of tube worms (– 36”4 to – 23”9%0) and
mussels ( – 48.5 to – 24” lY~) indicates that these seep organisms may derive
their carbon from methane, oil, and/or other sources. The d 13C values of
snail tissues ( — 20.8 to – 38.7%0) reflect the carbon they most recently
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ingested. Generally, organisms with isotonically lighter carbon values have
liigher PAH concentrations, possibly reflecting greater exposure to the
seeping oil. The PAH concentrations were highest in the sediments collected
near tube worms with the highest PAH body burden, though oil
concentrations in the sediments are highly variable.

The’giil and remaining body tissue of one mussel sample were analyzed
separately (Table 1). The gills had a 613C value of – 38”0%0 and PAH
concentration of 1660 rig/g, while the corresponding values for the
remaining body tissues were – 31“ 1%0 and 243 rig/g. In contrast, previous
studies found that mussel gill and body tissues had similar dl 3C values
(Childress er aL, 1986]. The resolution of this discrepancy based on the one
sample analyzed as part of this study will require additional analyses. The
gill represents about  half of the total tissue weight of these mussels.
Therefore, the gills analyzed in this study contain approximately 90!40 of the
total  PAH. The symbiotic bacteria that convert methane to organic material
are located in the gills, which are also the probable entrance route of PAH
into the mussel. Further study is required to confirm and understand the
reasons for elevated PAH concentrations in the gill.

The concentration of naphthalene,  total methylnaphthalenes, biphenyl,
total dimethylnaphthalenes,  acenaphthene,  fluorene,  and phenanthrene in
water, sediments and organisms was divided by the sum of the
concentrations of these compounds i-n a sample and multiplied by 100 .to
allow for comparison of sample compositions. The distribution of PAH in
water, sediment, oil, and various organisms k illustrated in Fig. 2. The water

80 d
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PAH DISTRIBUTION ■ WATER ‘

NAP MEN 61 01 ACE FL m

PAH

Fig. 2. Weight percentage composition of PAH in selected samples. Nap = naphthalene,
McN = methylnaphthalcncs, Bi = biphcnyl,  Di = dimcthylnaphthalenes,  Ace= accnaph-
thene, FI = fluorene,  Ph = phenanthrene.  For example. OANap = (Nap - Nap + MeN +

Bi+Di+Ace +Fl+Pb) x100.
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contains a higher percentage of naphthalene  and methylnaphthalenes than
does the oil, while the oil contains a higher percentage of dimethyl-
naphthalenes, fluorene and phenanthrene. The oil from the sediment also
contains PAH of molecular weights higher than phenanthrene while the
water did not.

The concentration of total measured PAH in the water samples from
570 m depth at Green Canyon 233/234 was 28 rig/liter and most likely results
from dissolution of seeping oil. Gas bubbles (probably methane)
continuously emanate from the sediments in these seep areas and entrain
traces of higher molecular weight hydrocarbons that can dissolve in the
overlying water column. Gas bubbles have been observed breaking at the
surface and producing an iridescent sheen of oil at the water surface at this
site (Brooks et al., 1987a). The relatively greater water solubiiity of lower
molecular weight aromatic hydrocarbons (i.e. naphthalene)  results in their
enrichment relative to higher molecular weight PAH in the overlying water.
The extractable PAH concentrations measured in this Gulf of Mexico deep
water seep area are an order of magnitude lower than volatile PAH
concentration (0. 15–5.2 pg/liter)  at a California seep area (Stuermer  et al.,
1982).

The distribution of PAH in selected mussels, tube worms, and snaiis from
the seep area, as well as an oyster sample from Barataria Bay, Middle Bank,
LA (Brooks et aL, 1987c) is compared -in Fig. 2. The organisms’ PAH
distributions are intermediate when compared to the water and oil
compositions. The organisms generally contain relatively more lower-
molecular-weight aromatic compounds than the sediments or separate
phase oil. This may be due to the availability of naphthalenes dissolved in
the water or preferential uptake of lower molecular weight PAH by the
organisms. Similarities in PAH distributions of the near-shore Barataria
Bay, as well as other Gulf of Mexico oysters (Wade e~ aL, 1988) and seep
organisms indicate that similar mechanisms of uptake and deputation may
be occurring at these sites.

Acenaphthene was detected only in the water, tube worms, snail and
coastal oyster samples. Its source is unknown. Fluorene, a structurally
similar compound, was detected in the oil and all organisms, but not in the
water sample. These differences may reflect variations in water and oil
composition with time whereas organism and sediment PAH represent a
time averaged composition over months or years.

CONCLUS1ONS

Tissues of organisms that are obligately associated with areas of massive oil
seepage contain significant amounts of PA H- Higher concentrations are
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found in the tissues of less mobile or sessile organisms. Organisms collected
near sediments containing high concentrations of PAH have the highest
concentration of tissue PAH. lt is unclear whether the seep organisms
accumulate PAH from the water or sediment or a combination of both,
though certainly the largest repository of PAH is the sediments. The
similarity of PAH distributions and concentrations in a coastal oyster and in
tissues of organisms from the seep area indicates that similar mechanisms of
uptake and deputation may be occurring at these sites. The seep organisms
are able to sumive and thrive in an environment of high PAH exposure. The
apparent ability to cope with these elevated levels of PAH may involve
specially adapted and/or evolved enzyme systems. There is ample
physiological evidence that the primary source of isotonically light carbon
to the system can be solely derived from chemosynthesis (HZS or CHA),
though a contribution of light carbon from the degradation and/or
assimilation of oil cannot be ruled out. The nature, interactions and
mechanisms of the life strategies of the communities at these seep sites are
yet to be fully understood.
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